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ABSTRACT

This project develops novel Advanced Reburning (AR) concepts for high efficiency and low cost
NOy control from coal fired utility boilers. AR technologies are based on combination of basic
reburning and N-agent/promoter injections. Phase I demonstrated that AR technologies are able to
provide effective NOy control for coal fired combustors. Three technologies were originally
envisioned for development: AR-Lean, AR-Rich, and Multiple Injection AR (MIAR). Along
with these, three additional technologies were identified during the project: reburning plus
promoted SNCR, AR-Lean plus promoted SNCR, and AR-Rich plus promoted SNCR. The
promoters are sodium salts, in particular sodium carbonate. These AR technologies have different
optimum reburn heat input levels and furnace temperature requirements. For full scale
application, an optimum technology can be selected on a boiler-specific basis depending on
furnace temperature profile and regions of injector access.

The experimental program included combustion tests in 20 and 200 kW facilities. Pilot scale
studies in the 200 kW combustor demonstrated the ability of the AR technologies to achieve NOy
reductions of 95+% during gas firing and 90+% during coal firing. Byproduct emissions were
found to be lower than those generated by commercial reburning and SNCR technologies.

A detailed reaction mechanism was developed to model the AR chemical processes. The
mechanism (355 reactions of 65 species) includes the following submechanisms: GRI-Mech-2.11,
SNCR chemistry, sodium chemistry with Na,CO3 decomposition reactions, SO,/SO3 reactions,
and interaction of HCI] with flue gas components. Modeling provided insight into the controlling
factors of the process and qualitatively described the observed reaction trends. Modeling
predicted and explained the effect of sodium promotion under both fuel-rich and fuel-lean
conditions. The sensitivity analysis revealed the most significant elementary reactions affecting
formation and destruction of NO and other N-containing compounds in the reburning and
burnout zones.

The AR design methodology was updated by using experiments and analytical models to include
the second generation improvements. This methodology was then used for application of the
novel AR concepts to a 100 MW tangentially fired utility boiler, and to predict the impacts of
the AR systems on boiler performance and NOy emissions. A parallel AR-Lean demonstration

(outside the scope of this project) provided an opportunity to test several novel AR components
in the field.

Economic analysis demonstrates a considerable economic advantage of AR technologies in
comparison with existing commercial NOy control techniques, such as basic reburning, SNCR,
and SCR. Particularly for deep NOy control, AR results in 2-3 times lower costs (in $/ton of NOy
removed) than SCR for the same level of NOy control. The market for AR technologies is
estimated to be above $1.5 billion.

i



Section

1.0

2.0

3.0

4.0

5.0

6.0

7.0

TABLE OF CONTENTS

EXECUTIVE SUMMARY . ... e

INTRODUCTION . . e e e
BACKGROUND ... e e e
3.1 High Efficiency NOy Control under Title 1 of the CAAA .............
3.2 Limitations of Available NOy Control Technologies for

Post-RACT Applications . ...,
33  AdvancedReburning ................ ...
34 Second Generation Advanced Reburning (SGAR) ...................

PHASE I PROGRAM OBJECTIVES ... ... ..

KINETICS OF Na,CO3 REACTIONS WITH FLUE GAS .................

5.1
5.2

53

54

5.5
5.6

Literature Review . ... ... ...
Thermodynamics of Sodium in Combustion Flue Gas ................
5.2.1 The Solid to Gas-Phase Transition .........................
5.2.2 Available Thermodynamic Data on Sodium in the Gas-Phase . . ..
Experimental Methods ........ .. ... ... . . ..
53.1 Flow System . ...... ..o
5.3.2 Mass Spectrometric Analysis .. .......... ... ... ... . ... ...
Rate of Sodium Carbonate Decomposition ... .....................
5.4.1 Sodium Carbonate Decomposition in Nitrogen . . .............
5.4.2 Reactions of Sodium Carbonate with Components of Flue Gas . .
Mass Spectrometry of Decomposition Products . ..................
Kinetics of Na,CO3 Reactions: Conclusions ......................

BENCH SCALE PROCESS OPTIMIZATION STUDIES ..................

6.1
6.2
6.3
6.4
6.5
6.6

Controlled Temperature Tower ............... ... ..
Reburning Alone .. ......... ... i
Promoted AR-Lean . ........ ... .. . i
Promoted AR-Rich . ..... ... ... . . . ... . .
Multiple Injection AR (MIAR) ...... ... . ... ... . . . ...
Bench Scale Combustion Tests: Conclusions . ....................

PILOT SCALE DEVELOPMENT TESTS ....... ... . . . ..

7.1

Preparation of Pilot Scale Combustion Facility .....................
7.1.1 Boiler Simulator Facility .................................

1ii



8.0

7.1.2  Reburning and Additive Injection Systems .. ................. 7-3

7.1.3 Sampling and Analysis Methods .......................... 7-4
7.2 Pilot Scale Combustion Tests with Natural Gas Firing ............... 7-4
7.2.1 Promoted AR-Lean .............. ... ... ... ... ... . . ..., 7-4
7.2.2 Promoted AR-Rich ....... ... ... . ... ... .. ... 7-7
7.2.3 Hybrid AR-Lean/SNCR . ........ ... ... .. .. ... .. ...... 7-12
724 MIAR ..o 7-14
7.3 Pilot Scale Combustion Tests with Coal Firing .................... 7-16
7.3.1 Promoted AR-Lean ............ .. ... ... ... .. ... ... ... 7-17
7.3.2 Promoted AR-Rich .......... ... ... ... ... ... ... ... ..., 7-18
7.3.3 Hybrid AR-Lean/SNCR ........ ... ... ... ... ... ...... 7-23
7.3.4 Hybrid AR-Rich/SNCR ... ... ... . ... ... ... 7-26
7.3.5 MIAR ..o 7-27
7.3.6  Byproduct Sampling Tests ............ ... ... 7-31
7.4  Pilot Scale Combustion Tests: Conclusions . ...................... 7-38
MECHANISM DEVELOPMENT AND KINETIC MODELING ........... 8-1
8.1 Mechanism Development . .......... ... ... ... ... ... 8-1
8.1.1 GRI-Mech ...... ... i 8-2
8.1.2 SNCRReations . ....... ..., 8-2
8.1.3 Reactionsof Sodium ............ .. ... ... i 8-5
8.1.4 Reactions of Sulfurand Chlorine . .......................... 8-7
8.1.5 Mechanism Development: Summary ....................... 8-9
8.2  Modeling with Instantaneous Mixing Times ....................... 8-9
8.2.1 Modeling of the Basic Reburning Process . .................. 8-13
8.2.2 Injection of Ammonia into the Reburning Zone (AR-Rich) ..... 8-32
8.2.3 Promotion of the NO-NHj Interaction in the Reburning Zone .. 8-42
8.2.4 Effect of Different Factors on the NO-NH3 Interaction in the
Reburning Zone . ........ ... ... . i 8-48
8.2.5 Injection of Ammonia into the Burnout Zone (AR-Lean) ...... 8-50
8.2.6 Modeling with Instantaneous Mixing Times: Summary ....... 8-51
8.3 Evaluation of Mixing Effects . . .. ......... .. ... ... ... ... .. ...... 8-52
83.1 Approach ........ . .. ... 8-52
8.3.2 Effect of Mixing Times on Basic Reburning ................. 8-54
8.3.3 Effect of Mixing Timeson AR-Rich ....................... 8-55
8.3.4 Effect of Mixing Timeson AR-Lean....................... 8-58
8.3.5 Mixing Studies: Summary ................. ... 8-60
8.4 Effectof Sodium ....... ... ... ... .. . . . . 8-61
8.4.1 Effect of Sodium Promotionin AR-Rich ................... 8-62
8.4.2 Effect of Sodium Promotionin AR-Lean ................... 8-76
8.5 Summary of Modeling Studies ............. ... ... .. ... ....... 8-84

v



9.0 DESIGN METHODOLOGY AND APPLICATION ...................... 9-1
9.1 AR Design Methodology . .......... ... ... ... . . 9-1

9.1.1 General Approach ....... ... ... ... . . 9-1

9.1.2 Case Study Boiler Characteristics .. ........................ 9-3

9.1.3 Heat Transfer Analysis . ..., 9-4

9.1.4 Injection System Studies . ............ ... ... 9-14

9.1.5 Full Scale Performance Prediction .. ....................... 9-18

9.2 AR Application . . ... .. 9-19

9.3 Economic and Market Analysis .......... ... ... ... ... .. ... ... 9-24

9.3.1 NOxControl Drivers . ....... ... 9-25

9.3.2 Methodology and Cases Evaluated . ....................... 9-26

9.3.3 Technology SpecificInputs ............................. 9-27

934 EconomicResults .......... .. .. .. .. i 9-29

90.3.5 Market Assessment . ..............i.iiiiiiii 9-31

9.4  Design Methodology and Application: Conclusions ................ 9-33

10.0  CONCLUSIONS .. o e e e e e e 10-1
11.0  ACKNOWLEDGEMENTS ... .. e 11-1
12.0 REFERENCES . .. . e 12-1
Appendix 1. Reaction Mechanism in Chemkin/Senkin Interpreter Format .. ......... A-1

Appendix 2. Thermodynamic database for Reaction Mechanism in Chemkin Format . A-12

Appendix 3. Thermodynamic database for sodium compounds .................. A-17



Figure

2.1
4.1.

5.2.1

522
523

524

5.25

5.3.1
54.1
542

543
54.4

545
5.5.1
552
5.53
554

555

5.5.6
5.5.7
5.5.8
5.5.9
6.1
6.2
6.3
6.4

6.5

LIST OF FIGURES

SGAR schematic - definitions . ........... ... i,
Phase I task structure and major milestones .. ............................

Dependence of A G° (EER thermochemistry) for Na,CO; < Na,O + CO,

and Na,CO5 + H,O « 2NaOH + CO, on temperature ....................
Dependence of Na,COj3 to CO, conversion according to equation (5.13) .......
Comparison between experimental and calculated equilibrium conversions of
NasdCO3 10 COg v e e e e e e e e e e e e
Equilibrium distribution of sodium-containing species at 1 atm pressure in 80%
N, 20% HyO and 300 ppm NayCOs3 ... oo oo
Equilibrium distribution of sodium-containing species at 1 atm pressure in a
flue-gas-like mixture with 300 ppm of added Na,CO3 . ....................
Flow system diagram . ............ ...t
Comparison of experimental and calculated Na,CO3 conversion profiles . ... ..
Temperature dependence of the decadic logarithm of time required for
decomposition of 30% of the initial amount of Na,COs3 . ..................
Sensitivity spectrum for decomposition of NayCO3 ........ ... .. .. ......

Rate coefficient inferred for Na,CO; — Na,O +CO, (5.16) ...............

Rate coefficient inferred for Na,O + CO, - Na,CO5 (5.17) ...............
Time histories of ion currents at m/z = 44 and 106 and total ion current . . .. ...
Mass spectrum at 62 s on the x-axis of Figure 5.5.1 . .......... ... .. .....
Mass spectrum at the time m/z = 23 reaches its maximum .................
Mass spectrum at the time m/z = 23 reaches its maximum in thermal ionization
MOAE . .ot
Time histories of ions with m/z = 23 (Nat), 44 (CO;*), 53 (Na,COst+), 106
(NayCOs3%), 129 (Na3COs*t), and total ioncurrent . .......................
Time histories of Ag*+ (109) and total ion current for experiments with Ag wire .
Mass spectrum at 1235 K . ... ..o
Time histories of ions with m/z = 23 (Nat) and 109 (Ag"), and total ion

current through the detector for thermal ionizationmode . ..................
Mass spectrum corresponding to the moment of burnout of Ag wire

for thermal ionizationmode ........ ... ... .. .. .. .. ...
Controlled Temperature Tower (CTT) . ....... ... ..
CTT temperature profiles . .. ... . .. i
NO reduction vs. reburn heat input for CTT gas reburn: No additives or
PIOMOLETS . . oo e e
NO reduction vs. reburn zone residence time for gas reburn: No additives or
PIOMOLETS . . oo e e
AR-Leanperformance . ......... ... .. i e

Vi



6.6
6.7
6.8
6.9
6.10
6.11

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
7.10

7.11

7.12

7.13
7.14

7.15
7.16
7.17
7.18
7.19
7.20
7.21
7.22
7.23

7.24

AR-Richperformance ........ ... .. ... .. . . 6-8

Alternative promoter screening testresults .............. ... ... ... ....... 6-9
NO control vs. Na promoter concentration . ...................c..ou.o.... 6-10
NO reduction vs. NO;j for rich side injection of NH4OH + Na,CO3 .......... 6-11
NO reduction vs. NSR for rich side injeciton of NH4OH + Na;,CO3 . ......... 6-12
MIAR: NO reduction vs. additive injection temperature for reburn with both

rich and lean side additives .......... .. .. .. . .. . . 6-13
Boiler Simulator Facility (BSF) .. ....... .. ... 7-2
BSF temperature profile during 10% reburning . ............. ... .. ... .... 7-3
AR-Lean with aqueous urea/sodium injection . ... ...............oiuenan... 7-5
AR-Lean with aqueous ammonia/sodium injection . .. ...................... 7-6
AR-Rich with urea/sodium injection . ............ ... ... ... ..., 7-7
AR-Rich with ammonia/sodium injection . ............................... 7-8
AR-Rich with urea/sodium injection . ............ ... ... ... ... 7-10
AR-Rich with urea/sodium injection ... ......... ... ... i, 7-11
Effect of sodium on NO reductionin AR-Rich .. ...................... ... 7-12
NO reduction during natural gas firing by combined AR-Lean/SNCR with

urea injection at two locations . . .. ... ..ottt 7-13
Effect of rich side additive injection temperature upon MIAR performance

during natural gas firingat SRy =0.99 ... ... ... ... .. 7-15
Effect of rich side additivie injection temperature upon MIAR performance

during natural gas firingat SRy, =090 . . ....... ... ... .. L. 7-16
NO reduction by AR-Lean during coal firing ............................ 7-17
AR-Lean tests: Effect of N-agent/OFA injection temperature upon

PErfOrMANCE . . . . .t 7-18
Effect of urea injection tmperature and concentration of sodium on NO

reduction in AR-Rich withcoal firing ........... ... ... ... ... ........... 7-19
Effect of urea injection temperature and concentration of sodium on NO

reduction in AR-Rich withcoal firing ........... ... . ... ... ... ......... 7-20
AR-Rich tests: Effect of N-agent injectin temperature upon performance . . . .. 7-21
AR-Rich tests: Effect of OFA injection temperature upon performance .. .... 7-22
AR-Rich tests: Effect of sodium promoter concentration upon performance ... 7-23
NO reduction during coal firing by combined AR-Lean/SNCR with urea

injection at two locations . ............ ... 7-24
AR-Rich + SNCR tests: Effect of second additive injection temperature upon
PEIfOrMANCE . . . . .ottt 7-26
MIAR tests: Effect of first additive injection temperature upon performance

at 18% reburning . . ... ... .. 7-27
MIAR tests: Effect of first additive injection temperature upon performance

at 9% reburning . ... ... 7-28
MIAR tests: Effect of second additive injection temperature upon performance

at 18% reburning . . ... ... .. 7-29

vii



7.25

7.26
7.27
7.28
7.29
7.30
7.31

8.1.1

8.2.1

8.2.2

8.2.3

8.2.4
8.2.5
8.2.6

8.2.7

8.2.8

8.2.9

8.2.10
8.2.11
8.2.12
8.2.13
8.2.14
8.2.15

8.2.16
8.2.17

8.2.18

8.2.19

MIAR tests: Effect of second additive injection temperature upon performance

at 9% reburning . . ... ... 7-30
CO and N,O emissions for AR technologies ............................ 7-33
NH3; and HCN emissions for AR technologies ........................... 7-34
SO; emissions for AR technologies ................. .. ... ... ......... 7-35
Fly ash size distribution .......... ... ... .. . . . . . 7-36
Fly ash total loading, PM 10 and PM 2.5 ...... ... .. ... ... .. ... ...... 7-37
Carboninashresults . ... ... .. . 7-38
Comparison of experimental data and modeling with mechanisms A and B for

the Thermal DeNOy ProCess . . .. oottt et 8-4
Effect of sulfur and chlorine on equlibrium concentrations of sodium species

INIUE gaS . . .o 8-10
Kinetic curves of the main species in the reburning zone at SR, = 0.99 and

injection temperature T1=1700 K .. ... ... ... .. .. .. ... . ... .. ... ... 8-14
Kinetic curves of the main species in the reburning zone at SR, = 0.95 and

injection temperature T{=1700K . ..... ... ... ... . ... ... ... ... ... ..., 8-14
Kinetic curves of the main species in the reburning zone at SR, = 0.90 and

injection temperature T1=1700 K . ...... ... . ... ... . ... .. .. 8-15

Kinetic curves in the reburning zone at SR, =0.99, T{=1700 Kandt=5ms .. 8-16
Kinetic curves in the reburning zone at SR, =0.90, T; = 1700 K and t=5ms .. 8-18
Modeling and experimental data on concentrations of NO, NH3, HCN, and

TFN in the reburning zone (t = 0.5 s) at T = 1700 K for different

concentrations of reburning fuel, SRy . ....... ... ... L 8-20
Modeling data on concentrations of NO, NH3, HCN, and TFN in the

reburning zone (t = 0.5 s) at T; = 1500 - 1700 K for different concentrations

ofreburning fuel, SRy ... ... ... . . 8-21
NO contribution factors at SRy = 0.99 in the fast NO decrease region ........ 8-23
NO contribution factors at SRy = 0.99 in the slow NO decrease region . . .. . ... 8-24
NO sensitivity coefficients at SRy = 0.99 in the fast NO decrease region . .. ... 8-26
NO sensitivity coefficients at SR, = 0.99 in the slow NO decrease region . . ... 8-27
NO contribution factors at SR, = 0.90 in the fast NO decrease region ........ 8-29
NO contribution factors at SR, = 0.90 in the slow NO decrease region . . .. .. .. 8-30
NO sensitivity coefficients at SR, = 0.90 in the slow NO decrease region . . ... 8-31
Effect of ammonia co-injection with the reburning fuel and 0.1 s delayed NH3
injection on fuel-N species in the reburning zone . ........................ 8-34
Effect of the delay time of NHj injection into the reburning zone at SR, =0.99 . 8-35
Effect of the NH3 concentration injected into the reburning zone at SR, = 0.99

and 0.1 sdelaytime . ....... ... .. . i 8-35
Kinetic curves of species in the reburning zone at SR, = 0.99 for injection of

800 ppm ammonia along with the reburning fuel at 1700 K . ................ 8-37
NO contribution factors for conditions of Figure 8.2.18 ................... 8-38

viil



8.2.20

8.2.21
8.2.22
8.2.23
8.2.24
8.2.25
8.2.26
8.2.27

8.2.28
8.3.1

83.2

833

8.3.4

83.5
8.3.6

8.3.7

8.4.1

8.4.2

8.4.3

8.4.4

8.4.5

8.4.6

8.4.7

8.4.8

Kinetic curves of species in the reburning zone at SR, = 0.99 for injection of

800 ppm ammonia with a 0.1 s delay after the reburning fuel injected at

L1700 K .o 8-39
NO contribution factors for conditions of Figure 8.2.20 ................... 8-40
NO sensitivity coefficients for conditions of Figure 8.2.20 ................. 8-41
Effect of NHj3 injection temperature and NH3 concentration in mixture I on

NO/TEN reduction . .. ...t e e 8-44
Effect of radicals co-injection with 500 ppm NHj into mixture I, T, = 1600 K . 8-45
Comparison of the promotion effect ofdifferent compounds . ............... 8-46
Modeling of the promotion effect at different predexponential factors A ... ... 8-47
Effect of O; co-injection with 500 ppm NH3 into mixture I at different injection
LEMPETATULES . . . . oottt ettt et e e e e e e e e 8-49
Effect OFA co-injection with NH3 on the final NO concentration ........... 8-51
Kinetic curves of important species in the reburning zone at SR, = 0.99 and

with mixing of the reburning fuel over an interval of 30ms ................. 8-55
Kinetic curves of important species in the reburning zone at SR, = 0.99 and

with mixing of the reburningfuel over an interval of 300ms ... .............. 8-56
Kinetic curves of important species in the reburning zone at SR, = 0.99 and

with mixing of the reburning fuel over an interval of 30ms ................. 8-57
Kinetic curves of important species in the reburning zone at SR, = 0.99 and

with mixing of the reburning fuel over an interval of 300ms ................ 8-58
AR-Rich NO emissions, for SR, =0.99 and NHy; addedat NSR=1.......... 8-59
AR-Lean NO emissions, for SR, = 0.99 and NH; added at the same time as

overfire air, at NSR = 1 . . ... 8-60
AR-Lean NO emissions, for SR, = 0.99 and NH3 added 0.1 s after burnout air

At NSR = 1 . 8-61
AR-Rich kinetic curves with instantaneous mixing, from the point of reburn

fuel injection with NH3 (NSR = 1) injected after 0.1s. .................... 8-63
AR-Rich kinetic curves with 30 ms mixing, from the point of reburn fuel

injection with NH3 (NSR = 1) injected after 0.1s ........................ 8-64
AR-Rich kinetic curves with 300 ms mixing, from the point of reburn fuel

injection with NH3 (NSR = 1) injected after 0.1s ........................ 8-65
NO and total fuel nitrogen before burnout for AR-Rich vs. mixing time,

NSR = 1.0 o 8-67
NO and total fuel nitrogen before burnout for AR-Rich vs. mixing time,

800 ppm NHz added . ....... .. . 8-67
NO concentration prior to start of overfire air injection at 1300 K, as a

function of N-agent/promoter injection delay time . ....................... 8-69
TFN concentration prior to start of overfire air injection at 1300 K, as a

function of N-agent/promoter injection delay time . ....................... 8-69

Final NO concentration at 600 K, as a function of N-agent/promoter injection



8.4.9

8.4.10
8.4.11

8.4.12

9.1.1
9.12
9.13
9.14
9.1.5
9.1.6
9.1.7
9.1.8
9.1.9
9.1.10
9.1.11
9.1.12
9.1.13
9.2.1

922
9.3.1
932

delay time ... ... . .
Kinetic curves after NH3; (NSR = 1) injection in AR-Rich 500 ms after

reburn fuel, with and without S0 ppm ......... .. ... ... ... ... ... .....
Effect of promoter on NO exit concentrations for AR-Lean ................
AR-Lean kinetic curves with 30 ms mixing from the point of NHj3 injection,
which is 0.1 s after OFA injectionat 1280 K . ...........................
AR-Lean kinetic curves with 30 ms mixing from the point of NHj3 injection,
which is 0.1 s after OFA injectionat 1380 K . ........ ... ... .. .. ... ....
Generalized design methodology for AR technologies ......................
Schematic of case study boiler ......... ... .. .. ..
Furnace heat transfermodel setup ......... ... .. .. .. .. ... ... . ...
Comparison of predicted and measured furnace gas temperatures .............
Predicted bulk mean temperatures in upper furnace of case study boiler. . ... ...
Implementation of AR technologies on case study boiler....................
Projected impacts of AR processes on furnace exit gas temperature ..........
Projected impacts of AR processes on carboninash ......................
Projected impacts of AR processes on ASME heat loss efficiency ...........
Projected impacts of AR processes on steam temperatures . ................
Baseline flow field characteristics .. ......... .. ... ... . . ...
Dispersion pattern for preferred reburning fuel injector configuration ... ......
Dispersion pattern for preferred overfire air port configuration .. ............
Isometric view of Greenridge Unit 4 showing gas reburning and AR-Lean
components external totheboiler ........ ... ... ... ... ... ... ...
Gas reburning and AR-Lean NOy data, Greenridge Unit4 ..................
Cyclone fired boiler NOy €CONOMICS . . ... oov vt e e
Wall fired boiler NOy €CONOMICS . ... ..ot i e e e



LIST OF TABLES

Table
3.1 Performance of NOy control technologies .. .............................
5.2.1 JANAF standard enthalpies of formation at 298 and 1500 K ...............
5.2.2 JANATF standard enthalpies of formation at 298 and 1500 K ...............
5.2.3 Thermochemistry for breaking Na—X bonds at 1500 K ...................
7.1 Comparison of NO reduction for hybrid AR-Lean/SNCR with gas and coal
g . .
7.2 Byproduct sampling conditions and results .............................
8.2.1 Comparison of NO reaction rates with C-radicals at SR, = 0.99, T = 1700 K
ANd £ = 28 . .
8.4.1 Results of AR-Rich at different delay times .. ...........................
8.4.2 Results of AR-Lean at different injection temperatures, with and without
SOAIUM .« . .o
9.3.1 Economicdata ............ ... ..
9.3.2 Evaluated NOy control technologies .............. ... ...,
9.3.3 NOxcontrol technologydata....... ... ... ... .. ... . . . ...
9.3.4 Comparing cost effectiveness for deep NOy control ... ....................
9.3.5 Estimated market for AR technologies .................................
9.3.6 Total estimated ARmarket ............ ... ... ... .. . . ... .. . .. ...



1.0 EXECUTIVE SUMMARY

In this project EER is developing second generation enhancements to Advanced Reburning (AR).
AR is an NOy control technology which integrates reburning with injection of a nitrogen reducing
agent (N-agent), two well known commercial NOy control technologies. Reburning involves
injection of a hydrocarbon fuel above the burners to produce a fuel rich zone where NOy is
reduced to elemental nitrogen. Overfire air is added to burn out combustibles. Reburning can
typically achieve about 60% NOy reduction in full scale applications. N-agent injection involves
the injection of an N-agent such as ammonia or urea into high temperature gases in the convective
pass of a boiler where is reduces NOy to elemental nitrogen. The commercial version of this
system is termed Selective Non-Catalytic Reduction (SNCR) and typically achieves 20-40%
NOy reduction in full scale applications.

EER's original configuration of AR (now termed AR-Lean) was developed prior to this project
and is currently being demonstrated at full scale. AR-Lean is expected to achieve NOy reduction
in the range of 75-85% in compatible boiler designs. This project is developing second generation
AR (SGAR) systems which increase the NOy reduction to over 95% and broaden applicability
to a wide range of boiler designs. This family of SGAR technologies includes various
combinations of the following elements:

. Injection of a reburning fuel to produce slightly fuel-rich conditions in the reburn zone
where a portion of the NOy reduction occurs.

. Injection of overfire at a lower temperature range than conventional reburning, typically
(1250-1420°K).

. N-agent injection at one or multiple locations: in the reburning zone, with overfire air, and
downstream of the overfire air injection to provide the remainder of the NOy reduction.

. Addition of water soluble promoter additives which enhance the effectiveness of the

N-agent NOy reduction.

By selecting various combinations of these elements, the SGAR systems can be tailored to site
specific boiler characteristics to achieve NOy control ranging from about 60% for reburning alone
to as high as 95% for the most complex SGAR system. These SGAR systems can meet the most
stringent NOy control requirements of Title 1 of the Clean Air Act Amendment at considerably
less cost than Selective Catalytic Reduction, the only commercial NOy control technology which
can achieve comparable NOy reduction. In addition, SGAR avoids the massive duct
modifications and catalyst replacement/disposal problems of SCR.

At the beginning of the project, EER proposed the development of three SGAR systems differing
in the way in which the N-agent injection is integrated with reburning:

. Promoted Advanced Reburning - Lean (AR-Lean) -- This is the original AR configuration
but with a promoter added to the N-agent. The N-agent and promoter are injected with
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the overfire air.

. Advanced Reburning - Rich (AR-Rich) -- Here, the N-agent is injected into the reburning
zone with or without a promoter. This provides increased flexibility in locating the
overfire air ports to match the boiler convective pass configuration.

. Multiple Injection Advanced Reburning (MIAR) -- This involves two stages of N- agent
injection with promoters: in the reburning zone and with the overfire air. NOx reduction

as high as 95% is achieved by three stages: reburning, rich injection of the N-agent and
lean injection o the N-agent.

During the project, the family of SGAR systems was expanded with three additional
configurations:

. AR-Lean + SNCR -- This is the integration of the AR-Lean with conventional SNCR
where the N-agent is injected downstream of the overfire air with a promoter.

. AR-Rich + SNCR -- This is the integration of AR-Rich with conventional SNCR where
the N-agent is injected downstream of the overfire air with a promoter.

. Reburning + Promoted SNCR -- This is basic reburning followed by the promoted SNCR
process.

This family of six SGAR configurations allows the NOy control system to be tailored to site
specific requirements. Also, components can be added in building block fashion to increase NOy
reduction as the NOy regulations become more stringent over time.

This project is being conducted in two phases: Phase I -- Development of a Design
Methodology, and Phase II -- Process Optimization and Scale-up.

Phase I consists of the following six tasks:

Task 1.1 Project Coordination and Reporting/Deliverables

Task 1.2 Kinetics of Na,CO3 Reactions with Flue Gas Components
Task 1.3 0.1 x 106 Btu/hr Optimization Studies

Task 1.4 1.0 x 106 Btu/hr Process Development Tests

Task 1.5 Mechanism Development and Modeling
Task 1.6 Design Methodology and Application

This report presents the results of Phase I which was conducted over a period of two years.
The objectives of Phase I were as follows:
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1. Develop an understanding of the mechanisms through which promoter additives improve
N-agent effectiveness.

2. Develop a kinetic analytical model of the Promoted and Multiple Injection AR
technologies.
3. Optimize the SGAR processes using the analytical model and bench and pilot scale

experiments under controlled mixing conditions.
4. Upgrade EER's AR design methodology to include the second generation advances.

The following Phase I technical performance goals were established in the Project Management
Plan:

. NOy emissions from the 1.0 x 106 Btu coal fired Boiler Simulator Facility should be
controlled to less than the requirements for post-RACT NOy control in the Northeast
Ozone Transport Region for the year 2003.

. The total estimated cost of controlling NOy emissions based on the 1.0 x 106 Btu/yr coal
fired tests should be less than that currently projected for SCR NOy control systems.

. SGAR should not cause a significant reduction in boiler efficiency or significant adverse
environmental impacts compared to basic reburning and SNCR technologies.

All Phase I objectives and technical performance goals have been met or exceeded, and it was
demonstrated that AR technologies can achieve high efficiency and low cost NOy control.

Initial parametric screening tests were conducted in a bench scale facility, followed by pilot scale
developmental studies. Experimental work was paralleled by kinetic modeling which provided a
scientific understanding of the process, including the activity of N-agent promoters.
Simultaneously, an experimental study was conducted to define the high-temperature chemistry
of sodium carbonate under simulated flue gas conditions. The results were used for updating the
kinetic model. The modeling used experimental data to define key process parameters,
culminating in a design methodology for the eventual scale-up and implementation of the
technologies.

A kinetic study on thermal decomposition of Na,CO3 was conducted in Task 1.2 using a flow
system with Gas Chromatography (GC) and Mass-Spectrometry (MS) analysis of products. It
was found that significant decomposition of Na,CO3 occurs on a one second time scale at
temperatures between 900 and 1300 K. The main decomposition products were identified as
CO,, Na atoms, and NayO. The rate of Na,CO3; decomposition was measured as functions of
temperature, residence time, and initial Na,CO3 concentration. The decomposition of Na,COj3
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from 900 to 1190 K was described kinetically in terms of two irreversible and one reversible
reactions: Na,CO; - Na,0+CO,; Na,0+CO, - Na,COj5; and Na,O+H,0<=>2NaOH.

In Task 1.3, 0.1 x 106 Btu/hr combustion tests were conducted with natural gas as main and
reburning fuel. The promoted AR-Lean process achieved about 86% NOy reduction at 10%
reburning fuel heat input and only 15 ppm Na,COs in flue gas. The promoted AR-Rich process
achieved 88% NOy reduction at 10% reburning fuel and 15 ppm Na;COj3. Thus, the presence of
Na,CO3 promotes the effect of both "lean" and "rich" N-agent injection. Several sodium
compounds (Nap;COj3, NaHCO3, and NaOH) were tested and achieved comparable promotion
effectiveness. In AR-Rich, NOy reduction was enhanced when the N-agent was injected into the
reburning zone with a delay time after injection of the reburning fuel. The MIAR process
achieved 90-91% NOy reduction in these bench scale tests and was expected to improve at larger
scales since the injectors adversely affected the temperature profile in these small scale tests.

Task 1.4 involved 1.0 x 106 Btu/hr tests in a Boiler Simulator Facility (BSF). Initial experiments
were performed with natural gas firing. In AR-Lean, injection of urea or ammonia with OFA
provided 45-82% NO reduction depending on the injection temperature. This was consistent
with previous EER research. Addition of 15 ppm of Na,CO3; promoter to the N-agent greatly
improved NOy reduction. Performance was about equal for ammonia and urea with maximum of
89-94%. In AR-Rich, similar NOy reduction was obtained for injection of ammonia and urea, 70-
77%. However, addition of 15-25 ppm Na,COs significantly improved NOy reduction, up to
94- 95%. Two N-agent injections (MIAR) demonstrated 78-82% NOy reduction without sodium
and up to 98% NOy reduction, with 15 ppm NayCOs3. This was the maximum NOy reduction
achieved by AR systems.

Experiments were also conducted with coal firing. The results showed that the AR technologies
can provide up to 95% NOy control for a high-sulfur coal-fired combustor. The NOy reduction
due to N-agent injection was higher, but the effect of sodium promotion was lower in comparison
with gas firing. Na;CO3; was found to promote performance only by 5-8 percentage points when
added at 75 ppm. Maximum NOy reductions achieved by the promoted AR technologies with
coal firing were 90% for AR-Lean, 93% for AR-Rich, and 95% for MIAR. Three other AR
modifications: AR-LeantPromoted SNCR, AR-Rich+Promoted SNCR, and
Reburning+Promoted SNCR, provided up to 95, 92, and 93% NOy reduction, respectively.

A separate study was then conducted to evaluate byproducts emissions from different AR
variants in comparison with basic reburning and SNCR. The following emissions were
characterized: NOy, CO, CO,, O,, SO,, N,O, total hydrocarbons, NH3, HCN, SOj3, fly ash mass
loading, size distribution, PM10, PM2.5, and carbon in ash. The results showed that in most
configurations AR technologies have less byproduct emissions than basic reburning and SNCR
processes under similar operating conditions.
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In Task 1.5, a reaction mechanism, including 355 reactions of 65 chemical species, was developed
to characterize the chemical processes of reburning and AR. The mechanism consists of
C-H-O-N submechanism (GRI-Mech-2.11, no variation of rate constants) and submechanisms
describing SNCR chemistry, and reactions of sodium, sulfur, and chlorine. Modeling was
performed using three kinetic programs: Chemkin-2, Senkin (developed by Sandia National
Laboratories) and EER's One Dimensional Flame code (ODF). Modeling was capable of
predicting major reaction trend, qualitatively describing AR processes, and, in some cases, was
close to quantitative process description. Modeling explained why the delayed ammonia
injection into the reburning zone is capable of reducing NO concentration and why certain
additives, such as oxygen and active radicals, can promote the NO-NHj3 interaction in the
reburning zone. Modeling also described the NO-NHj interaction in the burnout zone. A
sensitivity analysis was conducted which revealed the most significant elementary reactions
affecting formation and destruction of fuel-N compounds in the reburning zone under various
conditions. Modeling with different mixing times demonstrated the importance of delayed mixing
modes for efficient NOy reduction. Modeling explained the effect of sodium promoters under
both fuel-rich and fuel-lean conditions. Sodium reactions can affect NOy control by decreasing or
increasing the radical pool when it is needed. The radicals in turn can react with NH3 to form
NH, species which reduce NO to molecular nitrogen. The effect of promoters is most
pronounced in systems with long characteristic mixing times, as is typical in full-scale industrial
applications.

In Task 1.6, EER's reburning design methodology was expanded to SGAR and an economic and
market assessment was conducted. To demonstrate the applicability of the methodology, it was
applied to a typical 100 MW coal-fired utility boiler with tangentially firing burners, resulting in
development of conceptual designs for several second generation AR systems, and predictions of
their impacts on boiler NOy emissions and operating performance. Thermal performance models
were used to evaluate the impacts of implementing AR processes on the thermal performance of
the boiler. For implementation of AR-Lean, AR-Rich, or MIAR processes, the reburning fuel
would be injected into the lower furnace and the overfire air would be injected into the upper
furnace in a cavity between the first two tube banks of the convective pass. The overall boiler
efficiency for operation with an AR system is similar to that for operation with a basic gas
reburning system. The results of the analysis are specific to the boiler configuration evaluated and
should not be generalized to other boiler designs. The results of injection system analysis
indicate that good mixing of the process streams necessary to implement advanced reburning
(AR-Lean, AR-Rich, and MIAR) on the case study boiler can be achieved. Natural gas can be
injected from each wall in a pattern which achieves good distribution of the reburning fuel.
Overfire air injection into a cavity in the convective pass, needed for implementation of each of
the AR processes under consideration, can be achieved using high pressure wall jets. For the
AR-Lean and MIAR processes, these ports can also be used to inject the reagent. Injection of
reagent into the upper furnace, needed for the AR-Rich and MIAR processes, can be achieved
using a lance-based system. Full scale NOy reduction level is predicted to be above 90% and can
be additionally increased with the use of promoters.
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The original work scope for this task was based on applying the design methodology to a
hypothetical case study; however, it was hoped that an initial AR demonstration could be
developed in parallel with Phase I (outside the scope of this DOE project) to allow application to
a real unit and evaluation of some of the SGAR elements. EER was successful in developing an
initial AR demonstration project. In 1995 EER installed AR-Lean on a 105 MW tangentially
fired boiler. Initial AR testing was conducted in 1996 and will continue through 1998. This unit
was used as the basis for extending the design methodology. AR-Lean tests on the boiler showed
that stratification within the reburn zone could adversely affect the performance. Regions of
inadequate CO in the reburning zone reduced the N-agent NOy control and caused NHj slip.
While modifications were successful in reducing stratification, this experience shows the
importance of mixing and scale up, two factors to be evaluated in Phase II. In addition to these
AR-Lean tests, opportunity was taken to obtain preliminary larger scale data on several of the
SGAR components including N-agent injection into the reburning zone, N-agent injection
downstream of the reburning zone in an SNCR mode, and N-agent injection into the reburning
zone and with the overfire air.

An economic analysis was conducted comparing SGAR technologies using gas and coal as
reburning fuels with SCR for two representative Title 1 CAAA applications: a cyclone fired
boiler and a wall fired boiler equipped with low NOy burners. The analysis was based on the
EPRI Technology Assessment Guide (TAG) methodology which evaluates the total annual
levelized cost including capital and operating cost components ($/ton). The unit cost of NOy
control ($/ton) is also calculated. Depending on the specific application, SGAR offers total cost
reductions of 48 to 69% over SCR. The market for AR technologies is estimated to be above
$1.5 billion.

Additional work is needed in Phase II to move the technology to a demonstration stage. In
particular, the following steps are necessary to optimize and scale up the SGAR technologies:

. Identify alternative promoters based on the promotion mechanisms developed in Phase 1.

. Identify and test coal mineral compounds responsible for the increased NOy reduction in
AR-Rich and MIAR with coal firing (about 10% higher than for gas firing).

. Optimize mixing (reburn fuel, N-agents, OFA) via combined chemistry/mixing models.

. Optimize N-agent injection to maximize NOy reduction with negligible ammonia slip.

. Evaluate the effect of N-agent/promoter mixing times representative of full scale.

. Optimize SGAR with new promoters and mixing regimes at 1 x 106 Btu/hr scale.

. Scale up and confirm the design methodology via 10 x 106 Btu/hr Proof-of- Concept tests
and limited component tests during the ongoing boiler AR tests.

. Update the economic and market analysis to confirm the advantages of SGAR.
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2.0 INTRODUCTION

This project develops a family of novel Advanced Reburning (AR) NOy control technologies, which

have the potential to achieve 95% NOy control in coal fired boilers at a significantly lower cost than

Selective Catalytic Reduction (SCR). AR systems integrate basic reburning and N-agent injection

(typically ammonia or urea). Specific features of the new AR systems in comparison with basic

reburning include:

. Low heat input of reburn fuel to provide slightly fuel-rich conditions in the

reburning zone.

. N-agent injection at one or two locations, including in the reburning zone, along

with overfire air, and/or downstream of the overfire air injection.

. Low temperature of overfire air injection (1250-1400 K).

. Injection of promoter additives which enhance the effectiveness of the N-agent.

Phase I consists of six tasks:

Task 1.1
Task 1.2
Task 1.3
Task 1.4
Task 1.5
Task 1.6

Project Coordination and Reporting/Deliverables

Kinetics of Na;CO3 Reactions with Flue Gas Components
0.1 x 106 Btu/hr Optimization Studies

1.0 x 106 Btu/hr Process Development Tests

Mechanism Development and Modeling

Design Methodology and Application

The project is currently in schedule, about 94% of the planned activities are completed, and all

project objectives and technical performance goals have been met or exceeded. The project work

under Tasks 1.2 and 1.6 is underway, however, these results will not change the main conclusions.
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Figure 2.1 summarizes the nomenclature for the various regions of the Second Generation Advanced
Reburning (SGAR) process. The region upstream of the reburning fuel injection is referred to as
the “primary zone” or the main combustion zone. The primary zone Stoichiometric Ratio (SR;)
was maintained at SRy=1.1 for all tests and the initial NO concentration in this zone is referred to
by a subscript “i”. The region between the reburning fuel and overfire air (OFA) injection is referred
to as the “reburning zone” or reburn zone and is maintained at stoichiometry SR;. The reburning
fuel is injected at a temperature of T;. An N-agent (A1) can be introduced into the reburn zone at T,
with a Nitrogen Stoichiometric molar Ratio NSR;=A/NO. The NO concentration for NSR
calculations is the local amount at the point of N-agent injection. All N-agents can be injected with
or without promoters. The rich side N-agent and promoter (Pr;) are injected with a t; delay time
after reburn fuel injection. Overfire air is injected at T3. OFA can serve as a carrier gas for
injecting an N-agent (Aj) and promoter Pry. A; is injected with NSR,=A,/NO. The downstream
region of OFA injection is referred to as the “burnout zone”. Stoichiometric ratio in this zone is
SR3. An N-agent (A3) can also be injected (with or without promoter Pr3) downstream of the OFA
injection location (t; delay time, NSR3=A3/NO) into the burnout zone under conditions of the

Selective Non-Catalytic Reduction process (SNCR).

Primary
Fuel air
y y
A
Fuel lean
SR1 Primary
NOi zone
Reburning T A\
fuel r i
Fuel rich
t1 SR2
N-Agent (A1)L ________ T2 _______ Reburning
Promoter (Prq) NSR1=A1/NO zone
Fuel rich
SRs3
Overfire air Ts \j
N-Agent (A,)A NSR2=A2/NO A
Promoter (Prz)
to Fuel lean
______ SR3 o Burnout
N-Agent (As) Zone
Promoter (Pr3) '

Figure 2.1 SGAR schematic - definitions.
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3.0 BACKGROUND

3.1 High Efficiency NO,_ Control under Title 1 of the CAAA

Title 1 of the Clean Air Act Amendment (CAAA) of 1990 requires NO, controls in ozone non-

attainment areas. The initial Title 1 regulations, implemented over the last few years, required

Reasonably Available Control Technologies (RACT). In most areas, the NO, levels for RACT
are based on Low NO, Burners (LNB) and are in the range of 0.4 to 0.5 Ib/ 10 Btu. As a result,
there has been little industry demand for higher efficiency and more expensive NO, controls such
as reburning, SNCR, and SCR. However, the current RACT requirements are not the end of NO,
regulations. Much more stringent NO, control will be required to bring many of the ozone non-

attainment areas into compliance, particularly in the Northeast. The post-RACT requirements

are based, to alarge extent, on SCR, the commercial technology with the highest NO, control

efficiency.

With SCR, NO, is reduced to N, by reactions with N-agents on the surface of a catalyst. The

SCR process effectively uses the N-agent. Injection at a NSR of 1.0 typically achieves about

80% NO, reduction (i.e., 80% N-agent utilization). SCR is fully commercial in Europe and Japan
and there are a few US installations. This is the reason for its extensive use as the basis of NO,

control requirements for post-RACT.

Since the post-RACT NO, control requirements are largely based on SCR, achieving the required
NO, levels with SCR is relatively easy. However, SCR is far from an ideal utility solution.

There are several important problems, and cost leads the list. SCR requires a catalyst in the flue
gas exhaust stream. This large catalyst, and its related installation and boiler modifications, are
expensive. As SCR technology has advanced over the last decade, the cost has decreased;

however, at present, the initial cost of an 80% NO, control SCR system for a coal fired boiler is
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still about a factor of four greater than that of LNB. Increasing the NO, control to 95%

approximately doubles the SCR system cost.

In addition, the SCR catalyst life is limited. Catalyst deactivation, through a number of
mechanisms, typically limits catalyst life to about 4 years for coal fired applications. SCR
catalysts are also toxic and, therefore, pose disposal problems. Since the catalyst is the major
cost element in the SCR system, catalyst replacement and disposal contributes heavily to the

total cost of NO, control.

Thus, there is a need for a high efficiency, low cost NO, control which utilities could apply to
meet post-RACT NO, control requirements without the problems of SCR discussed above.

Ideally, such a technology would meet the following requirements:

1. NO, control comparable or greater than SCR;

2. Low capital cost compared to SCR;
3. Total cost of NO, control ($/ton) low compared to SCR and ideally comparable to LNB;

4. Compatible with all types of coal fired units (wall, tangential and cyclone fired);

5. Minimal plant modifications and no requirement to re-route and treat the entire flue gas
stream;

6. No major components with limited life (such as the SCR catalyst);

7. No additional emissions of air toxics, criteria pollutants, or toxic solid or liquid waste
materials;

8. Ability to integrate with technologies for controlling other pollutants, such as SO,, air
toxics and with projected CO, control strategies;

9. Minimal impact on boiler efficiency and operations; and
10. Flexibility to achieve the required level of control with potential to readily implement

add-on controls to reach more stringent control levels if required.
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3.2 Limitations of Available NO, Control Technologies for Post-RACT Applications

The suitability of AR for post-RACT applications can best be appreciated by comparing it with

the currently available NO, control technologies. Table 3.1 shows the typical performance for a
range of conventional NO_ controls applied to a pulverized coal fired boiler with baseline
emissions of 1.0 1b/10° Btu. Both the applicability of specific NO, controls and their

performance depend heavily on site specific factors. While the values in the table are generally

representative of state of the art performance, each installation will be different.

Table 3.1. Performance of NOy control technologies.

Technology Nominal Performance
For Baseline NO, 1.0 1b/10° Btu
NO, Reduction (%) NO,, Emission (1b/106

Btu)
Low NO, Burners 30-50 0.5-0.7
Low NO, Burners + Overfire Air 50-60 0.4-0.5
Reburning 50-70 0.3-0.5
Selective Non-Catalytic Reduction 40-70 0.3-0.6

(SNCR)
Selective Catalytic Reduction (SCR) 80 0.2

AR systems (projected) 80-95 0.05-0.2

Low NO, burners and overfire air (OFA) provide only modest NO, control. However, their

capital costs are low and, since no reagents are required, their operating costs are near zero. This

has made them the technologies of choice for the modest NO, control required under Title 4 and
the initial RACT under Title 1 of the CAAA. However, alone, they cannot approach the NO,

control required for post-RACT or the 90-95% NO, control goal of the near future.

For deeper NO, control, reburning, SNCR or SCR can be added to low NO, burners and OFA, or
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installed as stand alone systems. Reburning controls NO, via fuel staging. The main portion of

the fuel is fired through the conventional burners with a small portion of the fuel injected into the

furnace above the burners. The result is a fuel rich "reburning zone" where NO, is reduced by

reactions with active radicals formed during interaction of the reburn fuel and oxygen from the

main combustion zone. Reburning, alone, can achieve only 50-70% NO, control and, hence, may

not be a candidate for most post-RACT applications.

The reaction of N-agents with NO, can proceed without a catalyst at high temperatures. This is

the SNCR process. It is effective over a narrow "temperature window" centered about 1250 K

where the N-agent forms NH, radicals which react with NO. The NH, radicals are formed from

the N-agent via interaction with radicals, e.g.

NH,+ OH - NH,+ H,0 and NH;+H - NH,+ H,

The NH, species can reduce NO to molecular nitrogen

NH, +NO - N,+H,0

Under ideal laboratory conditions, deep NO, control can be achieved; however, in practical, full

scale installations, the non-uniformity of the temperature profile, difficulties of mixing the
N-agent across the full boiler cross section, limited residence time for reactions, and ammonia
slip, limit SNCR's effectiveness to about 40%. For typical SNCR conditions with a NSR of 1.5
and 40% NO, control, the N-agent utilization is only 27%. Thus, while SNCR does not require a

catalyst, and, therefore, has a low capital cost compared to SCR, it requires about four times as

much N-agent resulting in higher operating costs.

In summary, the NO, control technologies listed above all have limitations which may prevent

3-4



them from successfully achieving cost effective post-RACT compliance.

3.3 Advanced Reburning

The conventional AR process is an EER patented (Seeker et al., 1992) synergetic integration of
basic reburning and N-agent injection. In this process, an N-agent is injected along with the OFA

and the reburning system is adjusted to optimize the NO, reduction due to the N-agent. By

adjusting the reburning fuel injection rate to achieve near stoichiometric conditions (instead of the
fuel rich conditions normally used for reburning), the CO level is controlled and the temperature

window for selective NO, reduction is broadened and deepened. The reburning fuel is reduced

from about 20 to about 10% which has considerable economic benefits (the incremental cost of
gas for gas reburning and the cost of the coal pulverization equipment for coal reburning). With

AR, the NO, control due to reburning is somewhat reduced, however, this reduction is offset by

the significant enhancement of the N-agent NO, control.

The AR process was developed by EER as part of a DOE program (Chen et al., 1989) focusing
on the optimization of basic reburning. Tests were conducted over a range of scales (up to 10 x

10° Btu/hr) and achieved above 80% NO, control. An AR design methodology was developed by

extending EER's reburning design methodology. Conventional AR is now being demonstrated at

the NYSEG 105 MW Greenidge Station.

3.4 Second Generation Advanced Reburning (SGAR)

Improved versions of the conventional AR process are under development at EER since 1993.
They were first predicted by kinetic modeling and then confirmed by 300 kW combustion tests
via EER in-house R&D funds. The SGAR systems have the potential to achieve 95% NO,

control on all types of coal fired boilers without massive hardware changes, without increasing air

toxic and toxic waste problems, and at a cost for NO, control on the order of half that of SCR.
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These systems will provide flexible installations that allow NO, levels to be lowered as new

elements of the technology become available. The SGAR systems incorporate several

improvements over conventional AR, such as:

» N-agent injection into the reburning zone;
* Promoter additives which enhance the effectiveness of the N-agent; and

* Injection of N-agents with or without promoters at two locations.

Sodium salts, in particular sodium carbonate (Na,CO,) were identified as effective AR
promoters. By integrating these improvements with conventional AR, NO, control can be
increased to 90-95% for cyclone units and even higher for pulverized coal fired units (wall and
tangentially fired) where AR can be further integrated with low NO, burners and overfire air.

This family of AR technologies is intended for post-RACT applications in ozone non-attainment

areas where NO, control in excess of 80% is required.

Three SGAR systems were originally proposed to DOE under the 1994 PRDA solicitation.
They include:

* Promoted Advanced Reburning - Lean (AR-Lean) - conventional AR (N-agent injected
with the OFA) which can be used with a promoter added to the agent.

* Advanced Reburning - Rich (AR-Rich) - N-agent injection with or without a promoter
into the reburning zone.

» Multiple Injection Advanced Reburning (MIAR) - N-agents with promoters injected in

two locations: within the reburning zone and with the OFA.
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4.0 PHASE I PROGRAM OBJECTIVES

The overall objective of Phase I was to demonstrate the effectiveness of the SGAR technologies at
bench and pilot scale over a sufficiently broad range of conditions to provide all of the information
needed for process optimization and scale up. The Phase I program is conducted over a two year

period. Specific program objectives were as follows:

1. Develop an understanding of the mechanisms through which promoter additives improve

N-agent effectiveness;

2. Develop a kinetic analytical model of the Promoted and Multiple Injection AR technolo-

gies;
3. Optimize the SGAR processes using the analytical model and bench and pilot scale
experiments under controlled mixing conditions; and

4. Upgrade EER’s AR design methodology to include the second generation advances.

Phase I project determines the ability of the SGAR technologies to meet the following technical

performance goals:

* NO_emissions from the 1 x 18tu/hr coal fired Boiler Simulator Facility controlled to
less than the requirements for post-RACT NGntrol in the NESCAUM area for the
year 2003;

 Total estimated cost of controlling N®missions based on the 1 X Bdu/hr coal fired
tests less than that currently projected for SCR diftrol systems; and

* No significant reduction in boiler efficiency or significant adverse environmental impacts

when compared to current reburning and SNCR technologies.

Figure 4.1 shows the task structure and the major milestones for the program. Task 1.1, Project
Coordination and Reporting/Deliverables, coordinates the efforts of the Key Personnel involved
with the project so that the objectives of this project are met: on time, on specification, and on
budget. Phase I experimental work started from parametric screening tests at a bench scale facility
(Task 1.3), followed by pilot scale developmental studies (Task 1.4). The Phase I program utilized
two EER test facilities providing nominal thermal capacities of 0.1 and 1 x 106 Btu/hr. The
experimental work was paralleled by kinetic modeling (Task 1.5) which provided a scientific
understanding of the process, including the activity of N-agent promoters. A detailed reaction
mechanism of the SGAR processes was developed based on available combustion chemistry data.

Simultaneously, an experimental study (Task 1.2) was conducted at the University of Texas to
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define high-temperature chemistry of sodium carbonate under simulated flue gas conditions. The
results were used for updating the kinetic model. The modeling used experimental data to define
key process parameters, culminating in upgrading EER’s existing design methodology for

conventional AR to include the second generation improvements (Task 1.6).

Project Initiation: 10/01/95
Detailed Work Plan
Kick-off Meeting at FETC, 12/95

Sodium Kinetics
Task 1.2

Optimization Tests
Task 1.3

Kinetic Modeling
Task 1.5

i i i Development Tests
Project Review Meeting Task 1.4
at FETC, 7/96 -

Design/Applications

Task 1.6
Project Review Meeting
at FETC, 7/97
7131197 9/30/97
7131197
Phase II Ei':';tl Apl'__"irn°a"led
Proposal Report Report

Figure 4.1. Phase I task structure and major milestones.
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5.0 KINETICS OF Na,CO; REACTIONS WITH FLUE GAS

5.1 Literature Review

Although salts of alkali metals have long been used as flame inhibitors (Mitani and Nioka, 1984;
Jensen and Jones, 1982), the chemical mechanism of their decomposition at high temperatures is

not well known. On the other hand, decomposition of sodium bicarbonate NaHCO,, (Wu and
Shih, 1993; Heda et al., 1995) sodium carbonate perhydrate Na,CO,1.5H,0, (Galwey and
Hood, 1979) and double salts which occur in the Na,CO,NaHCO;H,O system (Ball et al.,

1992) at low temperatures has been studied intensively, primarily because thermal

decomposition of these salts can produce a highly porous Na,CO, product which can be used for
SO, removal from waste gases. It was found that decomposition of these salts starts at around

350 K; by 500 K they are practically completely converted into Na,CO, and H,O

NaHCO, - 0.5Na,CO; + 0.5CO, + 0.5H,0 (5.1)
Na,CO0;1.5H,0, - Na,CO, + 1.5H,0 + 0.750, (5.2)
6(Na,CO,NaHCO,2H,0) - 9Na,CO, + 3CO, + 15H,0 (5.3)

Decomposition of Na,CO, thus determines rate of decomposition of other salts of Na and

carbonic acid at still higher temperatures, and very little is known about the decomposition

mechanism of Na,CO,. It was found that the time scale for flame inhibition by Na,CO, is about

10 ms at 1200 K and 0.5 ms at 1800 K, which is thought to correspond to the decomposition
time of Na,CO,. (Mitani and Nioka, 1984) The inhibiting effect of salts on flame was attributed

(Jensen and Jones, 1982) to catalytic removal of H atoms and OH radicals in the chain

NaOH +H - Na+H,0 (5.4)
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Na+OH+M - NaOH + M (5.5)

While Na atoms in flames have been studied for years, (Carabetta and Kaskan, 1968; Hynes et
al., 1984; Srinivasachar et al., 1990; Schofield and Steinberg, 1992) their reaction mechanisms are
not well understood, and the rate coefficients of some important reactions are not known.

Apparently Na, NaO, NaO,, and NaOH are coupled to one another in flames by fast reactions

which rapidly interconvert one species to another as conditions vary. (Hynes et al., 1984;

Schofield and Steinberg, 1992) Analysis of Na influences on H,-O,-N, flames led to the

conclusion that the Na chemistry is largely controlled by

Na + H,0 - NaOH + H (5.6)
Na+O,+M - NaO, + M (5.7
NaO, + H - NaO + OH (5.8)
NaOH + OH - NaO + H,O (5.9)

At temperatures above 2300 K the main channel for Na disappearance is reaction (5.6). As

temperature decreases, however, the importance of NaO, increases and the predominant

depletion of sodium is via reaction (5.7). Kaskan (1971) concluded that reaction (5.7) is the

dominant Na oxidation process in lean H,—O,~N, flames at temperatures from 1400 to 1700 K.
Other observations also support NaO, as an important intermediate species at temperatures

below 1900 K. (McEwan and Phillips, 1966) However, contradictory values of the rate
coefficient for the reaction (5.7) have been reported. (Kaskan, 1971; McEwan and Phillips, 1966;
Husain and Plane, 1982)

Ho et al. (1993) and Chen et al. (1993) considered the feasibility of using sodium (a

representative alkali metal) salts to control N,O emissions from combustion sources. Perry and

Miller (1996) investigated this process by dynamic modeling and concluded that the key reaction
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Na +N,O - NaO + N, (5.10)

where sodium atoms are produced by the reverse of reaction (5.6). This explanation, however, is

not the only possible one. The same effect of N,O removal could be explained by the reaction

N,O0+OH - N, + HO 5.11
2 2 2

since sodium hydroxide additive enhances production of active species like OH (reaction (5.5))

already present in exhaust gases.

The literature review thus shows that practically no information is available about the rate of

Na,CO, decomposition at high temperatures. The active species formed during decomposition
are not well defined either, and as a result the mechanism of Na,CO, influences on high

temperature chemistry is essentially unknown.
5.2 Thermodynamics of Sodium in Combustion Flue Gas
5.2.1 The Solid to Gas-Phase Transition
Sodium carbonate melts at 1120 K and is relatively stable at still more elevated
temperatures—according to a textbook of inorganic chemistry (Bailar et al. 1973) it does not

decompose until 1220 K. Thermodynamic calculations based on the EER thermochemical data

base show that ArG" for the reaction

Na,CO; « Na,O + CO, (5.12)
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changes sign from positive to negative in the temperature range 2400-2500 K (Figure 5.2.1),
making reaction (5.12) “spontaneous’ only at temperatures above 2400 K. Since the most

common way to supply Na,CO, is as an aqueous solution, one also has to consider the

spontaneity of

Na,CO, + H,0 « 2NaOH + CO, (5.13)

Figure 5.2.1 shows that reaction (5.13) becomes spontaneous (in the sense that P, is greater
than Py, ) at temperatures above 2000 K. Thermodynamic calculations thus show that reactions

(5.12) and (5.13) for all species in their standard states are not spontaneous at temperatures
normally achieved in the flow system, i.e., less than 1400 K. This statement does not mean,

however, that at low Na,CO, concentrations significant conversion of Na,CO; to products can
not be achieved. The equilibrium partial pressure of CO, in reaction (5.12) over the surface of
liquid or solid Na,COj, calculated using values of ArG° from Figure 5.2.1 is equal to 0.01 Torr at
1400 K. The statement “reaction (5.12) is not spontaneous at 1400 K” means that Na,CO,
decomposes at that temperature only until the partial pressure of CO, reaches 0.01 Torr. Thus if
the amount of Na,CO, is very small, all of it might decompose and the partial pressure of CO,
still be less than 0.01 Torr. Figure 5.2.2 illustrates this idea by showing how Na,CO; to CO,

conversion (based on equation (5.13)) at chemical and phase equilibrium at a total pressure of 1

atmosphere depends on temperature at initial Na,CO, concentrations of 100, 300 and 500 ppm,

typical concentrations used in our flow system experiments and proposed for pollution control

in flue gas. The assumed amount of H,O in the mixture is 20%, the rest is N,. Conversion in
Figure 5.2.2 is defined as the concentration ratio [CO,]/[Na,CO,],, where [Na,CO,], is the

initial concentration of sodium carbonate. The calculations were performed using the EER
thermochemistry data base and the NASA program CETS89 (Feitelberg, 1994), which calculates
chemical equilibrium compositions taking into account both gaseous and condensed-phase

reactants and products. It is clear from Figure 5.2.2 that significant decomposition of Na,CO,
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occurs in the temperature range from 1000 to 1500 K even though reaction (5.12) is not
spontaneous at these temperatures in the ordinary thermochemical sense. The dependence of

conversion on the initial amount of Na,CO, is evident—as the initial concentration decreases,

fractional conversion of Na,CO, to CO, is more complete.

120 |
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Figure 5.2.1. Dependence of A,G" (EER thermochemistry) for Na,CO; « Na,O + CO, (solid)

and Na,CO;3 + H,O « 2NaOH + CO, (dashed) on temperature. The break in the dashed line
corresponds to the melting temperature of NaOH.
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Figure 5.2.2. Dependence of Nay,COj3 to CO, conversion according to equation (5.13). Solid line
corresponds to an initial Na,CO3 concentration of 500 ppm in the gas phase, the dashed line to
300 ppm, and the dotted line to 100 ppm.

These simple one-reaction calculations for conditions typical of the experiments thus confirm

that significant fractional decomposition of Na,COj; in the presence of water is thermochemically

favored beginning at temperatures slightly above 1000 K.

Our flow system experiments, however, show significant Na,CO, decomposition also at

temperatures below 1000 K. Figure 5.2.3 shows a comparison between calculated equilibrium
conversions and those derived from experimental profiles at long residence times. It indicates that

at the conditions of our experiments the Na,CO, decomposition reaction is not equilibrated as

predicted by the thermochemistry used. Because we felt that the thermochemical model was

uncertain, particularly for its gas-phase Na,CO, component, and could not explain the

experimental decomposition profile, and because reaction (5.13) oversimplifies a complex process

that involves many chemical reactions, we composed a dynamic model to fit the data. For the
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conditions of our experiments Na,CO, decomposition can be described as consisting of two

opposed irreversible steps

Na,CO; + H,0 - 2NaOH + CO, (5.14)

2NaOH + CO, - Na,CO, + H,0 (5.15)

occurring in the directions indicated. An alternative model of Na,CO, decomposition is

Na,CO; « Na,O + CO, (5.12)

that can also proceed in irreversible steps

Na,CO; - Na,0 + CO, (5.16)

Na,O + CO, - Na,CO, (5.17)

which in presence of water can be followed by NaOH formation

Na,0 + H,0 - 2 NaOH (5.18)

making the ultimate effect of model (5.12) identical to model (5.13).
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Figure. 5.2.3. Comparison between experimental and calculated (Feitelberg, 1994) equilibrium
conversions of Na,CO3 to CO,. The initial concentration of Na,CO3 was 300 ppm.

5.2.2 Available Thermodynamic Data on Sodium in the Gas-Phase

The documented gas-phase thermochemistry of sodium compounds is sparse. The 1985 JANAF
table provides for non-halogen neutral compounds the information shown in Table 5.2.1. The
tabulated enthalpy of formation values for 1500 K can be combined with the 1500 K values for
the radicals H, O, OH and CN and the stable molecules HCN, H,, H,O and H,SO, to derive the
bond strengths of the sodium bonds in these molecules and the enthalpy changes of reaction for
the key atom exchange reactions that establish the equilibrium composition of high temperature

systems containing sodium. The JANAF values for these species at 1500 K are summarized in

Table 5.2.2.
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Table 5.2.1. JANAF standard enthalpies of formation at 298 and 1500 K.

Species
Aszgg AsH{ 500 Error Source
(kJ) (kJ) @ 298 K

Na 107.3 0 + 0.7 | Vapor pressure data at 298 K;
reference state above 1170.5 K.

Na, 142.07 -75.2 + 1.2 | Spectroscopic bond dissociation
energy value.

NaO 83.68 -23.7 + 41.8 | Estimated bond dissociation energy
from ker.D°= constant and
spectroscopic D° for LiO.

Na,SO, —1033.6 —1294.5 + 25.1 | Thermo of solid and average of
various vapor measurements.

NaH 124.26 15.6 + 19.2 | Spectroscopic measurement of D°.

NaOH -197.76 -303.7 + 12.6 | Complex but secure
thermochemical cycles

(NaOH), —607.5 —822.5 + 25.1 | Mass-spectrometric study of
vapor-phase dissociation equilibria

NaCN 94.27 -12.8 + 2.1 | Vapor pressure and composition
measurements, thermo of crystal

(NaCN), -8.8 -213.2 + 13 ] 1200 K vapor composition.
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Table 5.2.2. JANAF standard enthalpies of formation at 298 and 1500 K.

Species AH 500 (KJ) Species AH 500 (KJ)
224.8 H, 0
254.2 H,O -250.3
OH 124.8 H,SO, —788.8
CN 259.7 HCN 132.1

The dissociation reactions breaking off the Na atom can then be compared with one another and

with the corresponding reactions for breaking off a hydrogen atom at 1500 K as shown in Table

5.2.3.

Table 5.2.3. Thermochemistry for breaking Na—X bonds at 1500 K.

Reaction AHys500 AHy500 Difference

(k) | (k) for Na = 1 | Petveen Hand

Na, —» Na + Na 75.2

NaH - Na+H 208.2 449.6 2414

NaCN - Na+CN 272.5 352.4 79.9

NaO - Na+O 277.9 354.2 75.3

NaOH - Na+ OH 428.5 599.9 171.4

NaOH - NaO +H 504.8 599.9 95.1

The sense of the results is not surprizing: The strength of the Na—X bond increases with
increasing electronegativity difference between Na and X, and Na bonds to other atoms and
radicals less strongly than does H. The numerical comparisons shown in the fourth column are
disappointing, however, in that there is neither consistency nor an understandable trend in the

comparison to be seen in the compounds for which there is data to analyze this way.
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Another way to compare sodium bonding with hydrogen bonding is through an isodesmic
reaction series, in which sodium trades partners with hydrogen in a reaction that conserves the
number and type of chemical bonds. The following linearly independent reactions illustrate the

results of this alternative analysis style for HCN as the trading partner.

NaOH + HCN - NaCN +H,0 —91.5k]
NaO + HCN — NaCN + OH 3.6k
Na,SO, +2 HCN — 2NaCN+H,S0, 100.7 kJ

In all three cases an Na atom (2 of them in the third reaction) trades bonding to an O for bonding
to CN. The trade is exothermic if the O is a hydroxyl O atom, essentially thermoneutral for a lone

O atom, and endothermic for a sulfate O atom.

Two conclusions emerge from the foregoing overview of gas-phase sodium thermochemistry.

The first is an assessment of the available high temperature thermochemical data base: It is too
small, and has too-large error bounds, to permit reliable estimation of the energetics of other
sodium-containing species by an analog of the group additivity methods that have proved to be
successful in correlating the thermochemistry of gas-phase molecules (Cohen, 1996) and radicals
(Lay et al., 1995). Neither the bond dissociation energies nor the isodesmic reaction series that

can be constructed from the available information suffice for extrapolation purposes.

The second is that while sodium bonding is characteristically weaker than bonding of its Group I
fellow hydrogen in all gas phase species, this bonding is not so weak that only the most stable
sodium species need be considered for modeling purposes. As example, formation of the O—H
bond in NaOH provides 505 kJ/mol, implying that NaO is readily able to abstract H atoms from
most of the H-containing species present in flue gas. It is thus necessary to estimate

thermochemical and kinetic parameters for many more sodium-containing species than the
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JANAF set if one is to hope for adequate dynamic modeling of sodium chemistry under flue gas

conditions.

Mention should be made of two other gas phase sodium species that have been discussed. The

first is the sodium analog of water, Na,O, for which thermochemical data have been generated

based on the experiments of Hildenbrand and Murad (1970). As shown below, the binding of the
second Na atom is sufficiently weak that very small amounts of it are formed at low total sodium

concentrations. The second species is the superoxide NaO,, which has been invoked to explain

Na concentration measurements in flames, Knudsen cells and flow reactors. The thermochemical
inferences show disappointingly large scatter, i.e., dissociation energy values in kJ/mol of <115,
>145, 163+ 21, <184, <195, >202, 234+13, 230+5, and 243 +21. (Marshall et al., 1990 and
references cited therein.) Theoretical values of 150, 151, 156, 185, 196 and 199 kJ/mol have been
reported for various levels of theory (Partridge et al., 1992 and references cited therein). The

experimental and theoretical values are consistently large enough to demonstrate that NaO, has to

be considered as an intermediate in high-temperature sodium chemistry, but its thermochemistry

is clearly as much or more a problem as that of NaO.

Taking the available thermochemical data all together permits one to generate more complete
overviews of the species expected to be present at chemical equilibrium than is seen in the

foregoing more narrowly targeted discussion. Leaving out the uncertain NaO, and solving the

equilibrium at 1 atm pressure over the temperature range of interest here provides the overviews
shown below. Figure 5.2.4 shows an equilibrium composition chart for the conditions of our

laboratory experiments, in which the only source of CO, was the small addition of Na,CO;, and

Figure 5.2.5 shows the corresponding distribution for conditions that can be encountered at flue

gas compositions, when there is an exogenous source of CO, corresponding to an equivalence

ratio of 1 for a fuel containing equimolar amounts of C and H.
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Figure 5.2.4. Equilibrium distribution of sodium-containing species at 1 atm pressure in 80% N»,
20% H»0 and 300 ppm Na;COs3. The only condensed phase stable for these conditions is solid
Na,;COj3 below 1100 K.
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Figure 5.2.5. Equilibrium distribution of sodium-containing species at 1 atm pressure in a
flue-gas-like mixture with 300 ppm of added Na,COs3. The assumed fuel had C:H and equivalence
ratios of 1. The high concentration of CO, forces the condensed phase to be solid or liquid
sodium carbonate rather than the intrinsically more stable hydroxide. Aside from this difference
the composition is quite similar to that of the CO,-free case, especially at higher temperatures.
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Based upon the JANAF species and NaO,, one can start to model flue gas conditions to examine

the basic flow of sodium chemistry. Such models have been composed for example by Plane
(1991) and Schofield and Steinberg (1992). In these mechanisms additional species are advanced,

with provision of estimated, if any, thermochemical data. The additional species include NaOs,,
NaHCO,, and NaCOj in the Plane (1991) model, designed to describe sodium chemistry in the
mesosphere, and NaS, NaSH, NaS,, NaOS and NaSO, in the Schofield and Steinberg (1992)

model, designed to describe sodium-sulfur interactions in flames; the latter authors describe
structural and thermochemical estimation procedures in detail. Calculations using the Chemkin

program and these reactions are in progress.

It is clear that the JANAF species and NaO, do not suffice to give a complete picture of the

interactions of sodium species with the advanced reburning process. The strength of sodium
bonds to other prominent radicals (as we have calculated, but not reported here) at the
6-31G(d)++/MP2 level with isodesmic series) is sufficient to enable many such species to
interact with not only the common flame radicals but also with the ones that are specific to the
AR chemistry, such as the NH; species. Translating our molecular electronic structure results for
these species into temperature-dependent thermodynamics for these species is in progress. We
assume that the results of simulations that include these species will support the basic conclusion
of our Phase I research—that the sodium enhancement effect arises from general increased radical
availability—but until the main candidate sodium species relevant to the advanced reburning
environment are tested in simulations, as Plane and coworkers did for the atmospheric case and

Schofield and coworkers did for the sulfur-interactions, this conclusion must remain tentative.

5.3 Experimental Methods

Most of our experiments on Na,CO, decomposition were done in a flow system over the

5-14



temperature range from 900 to 1300 K. These experiments provided information about the rate of

Na,CO; decomposition and reactions of Na,CO; with components of flue gas. In place of our

early intention to identify gas-phase species by shock tube experiments, we decided to substitute
mass spectrometric ones in order to get a broader range of information about the product

distribution resulting from high temperature Na,CO, decomposition.

The following sections give descriptions of the experimental apparatus used in our work.

5.3.1 Flow System

The flow system used for our experiments is shown in Figure 5.3.1. Our efforts began with the
construction of the flow and gas handling systems for our gas chromatograph (GC). The gas
handling system was made with a combination of glass and metal components so as to enable
both high and low pressure operation. A new reactor for the flow system was constructed that
took advantage of an ultrasonic atomizing nozzle system supplied by EER, which provided a

reliable way to spray aqueous Na,CO, solution with salt concentrations up to 15% by weight.

The reactor was initially horizontal and later rearranged in a vertical orientation to suppress

deposition of Na,CO; on the walls. The second design also included preheating the carrier gas to

temperatures in the range 300400 ‘C and use of a ceramic adapter between the nozzle system
and the reactor. The adapter allowed mixing hot carrier gas with the spray from the nozzle
without overheating the nozzle itself. (The specified working temperature range of the nozzle is
up to 200 ‘C). The original GC columns were replaced with new ones packed with molecular

sieve and HAYESEP Q to enable measurements of CO, and surrogate components of flue gas.
The sensitivity of the GC to CO, was enhanced by use of high-sensitivity thermal conductivity

filaments and by prolonged pretreatment of the columns at 200 ‘C. These modifications resulted

in a sensitivity level of 50 ppm of CO, and permitted us to work with the flow system at

Na,CO;, levels close to those used by EER in their field experiments.
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Preliminary experiments showed that temperature measurements taken inside of the reactor were
significantly different from measurements taken in the furnace area that originally were used for
temperature determinations. To enable correct temperature measurements, the construction of
the flow reactor was changed to enable a thermocouple to be inserted directly into the gas flow.
Measurements showed that by adjusting the current through each of three segments of the
furnace a uniform temperature distribution inside of the reactor can be created with temperature

variations within +10 degrees.

Nitrogen Additive Sodium carbonate
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Cadlibration mixtures
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)] 1.
8
2
b
& (%
N/
/\
/ /
X D

Thermocouple

< <l []_\¢ Water in
S S 7\
|_| Water out
Mixture of
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Figure 5.3.1 Flow system diagram.

Two drying systems were installed to dry gas after passing through the reactor. The first system
was used to separate most of the water so as to prevent condensation in communication lines.

The second system used acetone and dry ice to dry gas before taking a sample for GC analysis.
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The second system protected the sensitive GC columns from being destroyed by the basic

solution formed from Na,CO; decomposition.

5.3.2 Mass Spectrometric Analysis

The products of Na,CO, thermal decomposition were identified using a Finnigan MAT TSQ 70

mass spectrometer in thermal, electron bombardment and chemical ionization modes. Small

amounts of aqueous Na,COj; solution were heated on a Nichrome wire until the water evaporated
and the solid or liquid Na,CO, started to decompose. In electron ionization mode, used in most

experiments, the gas phase was bombarded at electron ionization (EI) energies of 70, 25, 12 volts.
In chemical ionization mode (CI), the gas pressure in the ion source was increased to typically
1073 mbar of CH 4> the dominant initial CH 4+ ions collide with molecules M and transfer a proton
to give MH™ ions with little excess initial energy and therefore little tendency to fragment. Thus,
whereas the EI spectra contained peaks corresponding to both molecular and fragment ions, the
CI spectra were simpler, mostly having predominantly parent ion peaks. Both EI and CI modes
were used in our experiments. In auxiliary experiments the Nichrome wire was replaced by
lower-melting metals in order to identify, by the melting temperature, the effective temperatures

where changes in the ion patterns appeared.

5.4 Rate of Sodium Carbonate Decomposition

5.4.1 Sodium Carbonate Decomposition in Nitrogen

Experiments on Na,CO, decomposition were done in quartz and stainless steel reactors. It was

found that reactors made from different materials produced similar results. It is known, however,

that sodium carbonate reacts with silicon oxide, the main component of quartz, to form silicates

Na,CO, + Si0, - Na,SiO, + CO, (5.19)
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Reaction (5.19) becomes spontaneous in the temperature range 500—-600 K (Chase et al., 1985).
That reaction (5.19) does occur for the conditions of our experiments is supported by the

observation that after passing Na,CO,-containing test gas through the quartz reactor for 18 to 20

hours the surface of the reactor roughened, and after running for still longer times the reactor was

virtually destroyed. The observed rate of Na,CO, decomposition was the same in a fresh reactor
and in a reactor with surface exposed to Na,CO, for several hours, which suggests that reaction
(5.19) does not contribute significantly to CO, production on the time scale of our experiments.

This observation is supported by a study of reaction (5.19) undertaken by Terai et al. (1968).
Using thermogravimetry, x-ray diffraction, and radioactive tracing they studied the sodium
carbonate-silica reaction in the temperature range from 1000 to 1100 K and reported that the

reaction is not controlled by diffusion of Na in silica. The diffusion coefficient calculated from the
penetration rate of Na into fused silica was determined to be D = 5.0x10~!! cm?/s. This value of

D actually shows how fast the reaction between sodium carbonate and silica is and can be used to
estimate the rate of reaction (5.19), which then can be compared with rate of the reaction in the

gas phase as follows. Since the gas volume in the reactor is ¥ = 100 cm3 and typical

concentrations of CO, were about 1x10~7 mol/cm?3, the total amount of CO, produced is 1x1073

mol per second. For a reactor with diameter 2.5 cm, length 40 cm and wall thickness 0.1 cm the

total amount of silica in the reactor is 0.5 mol. From this data, the time required to produce

1x107> mol of CO, in reaction (5.19) can be computed and compared with typical residence time
0.5 second. Production of 1x10 mol of CO, results in consumption of 1x1073/0.5 = 2x107>

volume of silica. For our reactor it gives penetration distance / = 0.1x (2x107°) = 2x1076 cm.

Values of / and diffusion coefficient D give a simple estimation of reaction time ¢ in the solid

phase through the Einstein equation

t=12/D (5.4.1)
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Using / = 2x107° cm and the value of D measured by Terai et al. (1968), formula (5.4.1) gives ¢ =

8 s, much larger than the 0.5 s characteristic times of our experiments.

An alternate line of reasoning leading to the same result is this. The entire reactor contains about
0.5 mol of silica; as the observed production rate of CO, is about 10~ mol/s, the entire reactor

would be lost to form sodium silicate in only 5x10% seconds (14 hours) if all of the CO, would

originate in heterogeneous reaction (5.19) to form sodium silicate. Our observations show
however that the lifetime of the quartz reactor is at least 30 hours. Thus reaction (5.19) does not

contribute significantly to CO, production on the time scale of our experiments.

Experimental study of Na,CO, decomposition at temperatures from 900 to 1300 K and pressure

1 atm was done in the flow system. Details of the experimental procedure are given below. An

aqueous solution of Na,CO, was sprayed into preheated flow of N,; the mixture then passed

through the quartz reactor and cooled. Sample taken from exhaust gases passed through additional

cooling system to get rid of water traces and then analyzed by GC. The flow rate of N, and the

rate of solution consumption were measured and used to calculate the residence time of the

mixture in the reactor. These calculations were done assuming ideal behavior of N, and H,O
vapor formed upon evaporation of water in the reactor. Initial concentrations of Na,COj; in the

mixture were varied in the range from 300 to 1000 ppm. Since both reactions (5.12) and (5.13)

give stoichiometric ratio CO,/Na,CO, = 1, this ratio can be used to determine degree of Na,CO,
decomposition. Concentrations of CO, measured in samples taken from the outlet of the reactor
were used to compute the degree of Na,CO, decomposition (Figure 5.4.1). Experiments in the
flow system show that at temperatures above 900 K significant amounts of CO, are formed. The

scatter of the data is significant, especially at short residence times, probably due to
insufficiently controlled mixing. At residence times longer that 0.1 s a distinct temperature

influence on CO, production can be observed. At temperatures around 900 K the maximum

conversion of Na,CO, to products is about 0.5 even at the longest residence times. As
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temperature increases the reaction becomes faster and at 1190 K it takes only about 0.12 s for

complete decomposition of Na,CO,. The observations show a rate of reaction proportional to
[Na2C03]1'5, indicating that reaction does not occur in one step but rather in a complex

mechanism. Assuming that the rate of the total reaction has Arrhenius dependence on
temperature, an effective energy of activation can be determined as follows. For fixed degree of

Na,CO, decomposition the time required for decomposition is a measure of the rate of the

reaction, and effective energy of activation can be determined from the slope of the plot that
shows dependence of this time on inverse temperature. Figure 5.4.2 shows the dependence of
the time required for 30% decomposition on the reactor temperature. The effective energy of

activation determined from this plot is 86 kJ/mol.

0.1 0.3 0.5 0.7
Time/s

Figure 5.4.1 Comparison of experimental (symbols) and calculated (lines) Na,CO3 conversion
profiles. Mixture 0.03% Na,CO3 + 20.00% H,0 + 79.97% N, at P = 1 atm.
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Figure 5.4.2 Temperature dependence of the decadic logarithm of time required for
decomposition of 30% of the initial amount of Na,COs.

To model irreversible (see section 5.2) Na,COj; conversion, we used reactions (5.16, 5.17) and

Na,O + H,0 - 2NaOH (5.20)

with reactions (5.16) and (5.17) being irreversible and reaction (5.20) being possible in both

directions. The rate coefficient of reaction (5.20) was estimated as that of

CaO + H,0 « Ca(OH),, (5.21)

measured by Cotton and Jenkins (1971) to be 9.18x10!2exp(-3120/RT). Estimates show that the
characteristic lifetime of CaO in the reaction (5.21) at 1000 K, 1 atm and 20% H,O is less than 1

us, much less than the characteristic time of our experiments. This suggests that for the

conditions of our experiments Na,O is practically instantaneously converted to NaOH, and thus
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the value of the rate coefficient of reaction (5.20) is not really important. All calculations were
made using the Chemkin-II modeling program (Kee et al., 1992) under constant pressure and
temperature constraints. Thermochemical data for all species but Na,O were taken from

Zamansky and Maly (January 1997); thermochemical data for Na,O were taken from the NASA

database (McBride et al., 1993).

Sensitivity calculations (Figure 5.4.3) show that the rate coefficient of reaction (5.16) affects both
initial and equilibrium conversions of Na,CO; to CO,, while that of reaction (5.17) mainly
affects the equilibrium value. The rate coefficients of reactions (5.16) and (5.17) were adjusted for
the conditions of our experiments (0.03% Na,CO, + 20.00% H,O + 79.97% N, at 1 atm). The
rate coefficient of reaction (5.16) was varied to match the initial part of the profiles at 900, 940,
1040, 1100 and 1190 K, while the rate coefficient of reaction (5.17) was changed until the final
calculated conversion was equal to the experimental value. Figures 5.4.4 and 5.4.5 show the
dependence of rate coefficient of reactions (5.16) and (5.17) on temperature as derived from
matching the experimental conversion profiles. The rate coefficient of reaction (5.16) follows a
simple Arrhenius dependence, while that of reaction (5.17) decreases with temperature, possibly

due to limitation of the reaction rate by CO, transport. Least square fits to all data give next

expressions for kg and k

k; s = 2.54x10%xp(—13040/T) (5.4.1)

k,,=1.11x10%exp(7580/T) (5.4.11)
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Figure 5.4.3 Sensitivity spectrum for decomposition of Na,CO3. The dashed line represents
calculations with a doubled rate coefficient of reaction (5.16), the dotted line a doubled rate
coefficient of the reaction (5.17).
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Figure 5.4.4 Rate coefficient inferred for Na,CO3; — Na,O + CO, (5.16).
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Figure 5.4.5 Rate coefficient inferred for Na,O + CO, — Na,CO; (5.17).

The total uncertainties (TU) in rate coefficient of reactions (5.16) and (5.17) were determined

through the formula
TUi — ((aierxp)2 + Ufi2)0.5

where Uexp is the uncertainty of the experimental data (20%), a, is the sensitivity of the rate
coefficient of the reaction (i) to the experimental data, and Ufi is the uncertainty associated with

the least square fit to all data points for the rate coefficient of reaction (1). Sensitivity coefficients

a; were defined as a, = 1.4In(C/C,), where C and C, are computed conversions for doubled and

for reference values of the rate coefficient of the reaction (i), and are equal to 0.46 for reaction
(5.16) and 0.1 for reaction (5.17). The values ofoi were found to be 10 and 25% for k,; and k.

Based on these data, values of TU . and TU,, were calculated to be 14 and 25 %.

Figure 5.4.1 shows a comparison between experimental and calculated conversion profiles based
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on the above expressions. At higher temperatures complete decomposition of Na,CO, occurs

within 0.2 s, while at low temperatures conversion at long times reaches a maximum value and
then stays constant. Taking into account the significant scatter of the experimental data, the

agreement between measured and calculated profiles is good.

These results for the rate of Na,CO, decomposition thus show that at temperatures higher than
1400 K Na,CO; decomposes relatively quickly to produce NaOH and CO,, suggesting that

Na,CO, and NaOH should have practically the same efficiencies as NO, control agents.

5.4.2 Reactions of Sodium Carbonate with Components of Flue Gas

The flow system was used to measure the rate of reaction between the decomposition products
of Na,CO; and CH,, H,, CO, and NO. These experiments were done at 1150 K and a residence
time of 2 s in mixtures containing 0.5%Na,CO; + 1.7%H,0 + N, with 0.5% additive. In each
case the concentration of additive in the mixture after passing through the reactor was measured;
measurements were done by GC for CH,, H,, CO, and O, additive and with the

chemiluminescence analyzer for NO. In the first set of experiments pure water was sprayed
through the nozzle while a mixture of additive and nitrogen passed through the reactor and the
concentration of additive in the outlet gas was measured. In the second set of experiments the gas
and liquid flow conditions were the same as in the first one except that the water was replaced

with a solution containing 5% Na,CO, by mass. Comparison of two runs showed no detectable

changes in additive concentrations. We conclude that there is no chemical reaction with

observable rate between the decomposition products of Na,CO, and CH,, H,, CO, and NO
under the conditions studied. It was also observed that the concentration of NO stayed constant

when O, and Na,CO, were injected into the mixture at the same time.

Experiments with ammonia injection to evaluate the reactions of NO and NH, in the presence of
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Na are under way.

5.5 Mass Spectrometry of Decomposition Products

Mass spectrometric analysis was used to identify the species formed during decomposition of

Na,CO,. Figure 5.5.1 shows time histories of ions with mass/charge (m/z) ratios 44 (mostly
CO,") and 106 (Na,CO;") and total ion current for EI= 70 eV. The temperature during the run

rises from room temperature (0 on the x-axis) to the final temperature, which corresponds to red
hot nichrome. The first peak on the total ion current curve corresponds to the temperature at
which all water evaporates. Peak heights are on a relative scale assuming the height of the largest
one (in this case m/z = 44) to be 100. Figure 5.5.2 shows all detected ions for the moment when

m/z = 44 reaches its maximum value (62 on the x-axis). It reveals the presence of H,0" (18), Na*
(23), CO," (44), very small amounts of NaOH" (40) and Na,CO," (106). The peak with m/z =
28 corresponds to CO™ and N, present as residual gas; the other peaks are difficult to identify.

As the EI energy decreases (Figure 5.5.3) the contribution of Na* becomes more prominent
compared to other ions because of its very low ionization energy: Figure 5.5.4 show a mass

spectrometric analysis with EI = 0, i.e., with all ions arising from thermal ionization of Na,CO,
on the wire. This mass spectrum shows Na* (23) and a species with m/z = 129 (Na,CO;"). (The

species with m/z = 39 corresponds a background peak, probably K* (39), and always appear in

analyses with low EI).
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Figure 5.5.1 Time histories of ion currents at m/z = 44 and 106 and total ion current. EI =70 eV,
nichrome wire. The x-axis gives the heating time in seconds.
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Figure 5.5.2 Mass spectrum at 62 s on the x-axis of Figure 5.5.1. m/z = 18 corresponds to H,O+,
28 COt to 44 CO,* to 62 Na,Ot to 106 Nay,CO3t and 128 to NazCO5*.
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Figure 5.5.3 Mass spectrum at the time m/z = 23 reaches its maximum. EI =12 eV.
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Figure 5.5.4 Mass spectrum at the time m/z = 23 reaches its maximum in thermal ionization
mode.
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Figure 5.5.5 shows results of mass spectrometric analysis of an Na,CO; sample in chemical
ionization mode. The product distribution (Na*, CO,", Na,CO;") is the same as in electron

ionization mode with a few new species; among them m/z = 53 in greatest amount.
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Figure 5.5.5 Time histories of ions with m/z = 23 (Nat), 44 (CO;*), 53 (NayCO3*+), 106
(NapyCOst), 129 (NazCOst), and total ion current. Chemical ionization mode, Nichrome wire.

A general disadvantage of mass spectrometric measurements is that they do not provide
continuous recording of the sample temperature. It is therefore not possible to correlate mass
spectra closely with the temperature at which active species are formed and/or decomposition of

Na,COj; occurs. It is possible, however, to correlate some moments on the time scale with

corresponding temperatures when in place of standard nichrome wire, which melts at very high
temperature, wire made from a metal with lower melting temperature is used. The moment when
such a wire melts is detected as a maximum in the total ion current and corresponds to the melting
temperature of the metal. Since Ag has melting point of 1235 K, within the temperature range of
our interest, we conducted some experiments using Ag wire instead of nichrome. These were

done in EI mode with an ionization energy of 70 eV and in thermal ionization mode (EI = 0). The
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time of Ag occurrence in the mass spectrum (Figure 5.5.6) (which also corresponds to the
maximum in total current) corresponds to the moment of time when temperature of the wire is

1235 K (39 ). The mass spectrum (Figure 5.5.7) at this temperature shows CO," (44), NaOH"
(40), Na,CO;" (106) and many other species. Some of them are easily identifiable (H,O" and
N, "), while secure identification of others requires additional (i.e., high-resolution) analysis.

Figure 5.5.7 does not indicate the presence of Na atoms. To find out if Na atoms are present in
the system at 1235 K we repeated experiments with an Ag wire in thermal ionization mode (Figs.
5.5.8 and 5.5.9). Figure 5.5.8 shows that one of the maximums in Ag* (109) concentration
corresponds to the maximum in total ion current (22 s on x-axis) at the temperature 1235 K. The

mass spectrum (Figure 5.5.9) at this temperature shows Na™ (23) and species with m/z = 39 and
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Figure 5.5.6 Time histories of Ag+ (109) and total ion current for experiments with Ag wire. EI =
70 eV. Time 39 s corresponds to 1235 K.
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Figure 5.5.7 Mass spectrum at 1235 K. EI =70 eV.
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Figure 5.5.8 Time histories of ions with m/z =23 (Nat) and 109 (Ag*), and total ion current
through the detector for thermal ionization mode.
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Figure 5.5.9 Mass spectrum corresponding to the moment of burnout of Ag wire for thermal
ionization mode.

Mass spectrometric analysis of products of Na,CO, decomposition thus confirms that the
primary gas-phase decomposition products are Na, NaOH and CO,. Experiments with

temperature control show formation of Na atoms at 1235 K.

5.6 Kinetics of Na,CO; Reactions: Conclusions

1. Decomposition of Na,CO, was studied in a flow system over the temperature range from 900
to 1190 K. An aqueous solution of sodium carbonate was sprayed into a flow of N, such that the
concentration of Na,COj; injected into the test gas ranged from 100 to 500 ppm. The observed

decomposition rate of Na,CO, can be described kinetically in terms of two irreversible Na,CO,

- Na,O + CO, (5.16) and Na,O + CO, - Na,CO, (5.17) and one reversible Na,O + H,0
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2NaOH (5.20) chemical reactions. The corresponding rate coefficients k,, and k,, were adjusted
to describe the measured rate of Na,CO, decomposition, while the rate coefficient of reaction

(5.20) was estimated from kinetic data for the similar reaction of CaO. Least square fits to all data

gave ks =2.54x10%xp(—13040/T), k;, = 1.11x10%exp(7580/T) cm’mol-!s"!.

2. Mass spectrometric analysis of products of Na,CO, decomposition confirms that the
primary gas-phase products of decomposition are Na, NaOH and CO,. Experiments with

temperature control show formation of Na atoms at temperature 1235 K.

3. Extrapolating the results of our flow system experiments to higher temperatures shows that

Na,CO; decomposition at temperatures over 1400 K produces NaOH and CO, very quickly .

NaOH then decomposes more slowly. According to Westley et al. (1994), the characteristic time
of NaOH decomposition at 1500 K to produce Na and OH is 160 ms; extrapolation of our data

for Na,CO, decomposition to that temperature gives an Na,CO, decomposition time of 2.3 ms.
These observations suggest that Na,CO, and NaOH should have practically the same efficiencies

as pollution control agents.

4.  Flow system experiments at 1150 K show no chemical reaction between Na,CO,
decomposition products and H,, CO, CH, or NO. This experiment indicates that the effect of
NO removal by Na,CO, is mainly due to promotional effect that Na,CO, additive has on the

concentrations of atoms and radicals already present in flue gas at high temperature, in particular

OH and H. Enhancement of radical concentrations in the presence of Na,CO; can occur through

NaOH thermal decomposition

NaOH+M - Na+OH+M

and in further reactions of Na atoms, which were observed among the products of Na,CO,
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decomposition in mass spectrometric analysis. H-atoms, for example, are produced by

Na + H,0 - NaOH + H

These two reactions provide for continuous flow of radicals into the system and thus account for

high efficiency of Na,CO,. Radicals then react with NH; which is injected to flue gas in SNCR

process

NH, + OH — NH, + H,0

NH; +H - NH, +H,

such that the efficiency of NH,; as NO removing agent through the reaction

NH, +NO - N, + H,0

in the conventional AR process is significantly enhanced in presence of Na,CO,.

Our experiments indicate that other additives that have decomposition times similar to NaOH
and produce active species that enhance production of OH and H radicals in flue gas should also

be considered as potential NO control agents.

5. Completion of the Phase I research will include the following, as mentioned in the preceding
sections. (a) Flow system experiments including ammonia and NO additives; (b) Translation of
molecular electronic structure results into NASA-style thermochemical polynomials; and (c)

Chemkin simulations with the expanded set of sodium species.
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6.0 BENCH SCALE PROCESS OPTIMIZATION STUDIES

The Second Generation Advanced Reburning (SGAR) process includes different combinations of
reburning, N-agent injection into the reburn zone, N-agent injection downstream of the reburn
zone, and promoter injection. Bench scale tests were conducted at EER’s Controlled Temperature
Tower (CTT) to optimize each component of the technology individually and then to optimize
overall performance of the combined process. Several nitrogen agents were tested. Sodium was
used as the main promoter because its performance had been successfully demonstrated in previous

tests. Specific test series included:

. Reburning alone

. Promoted AR-Lean

. Promoted AR-Rich

. Multiple injection advanced reburning

All tests were conducted in the CTT while firing natural gas at 20 kW (70,000 Btu/hr). The test

facility and results of each test series are described in the following sections.
6.1 Controlled Temperature Tower

As shown in Figure 6.1, the CTT is a refractory lined, vertically down-fired combustion test facility
designed to provide precise control of furnace temperature and gas composition. It consists of a
variable swirl diffusion burner and a refractory furnace which is equipped with backfired heating
channels. The furnace has an inside diameter of 8 inches. The backfired channels provide external
heating to the refractory walls, allowing the rate of temperature decay to be controlled. Because of
the relatively small size of the CTT, it is possible to use bottled gases (e.g. O,, N2, SO;) to control
furnace gas composition. In addition, characteristic mixing times in the CTT furnace are on the

order of 100 ms, making it straightforward to separate zones and characterize individual processes.
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Figure 6.1 Controlled Temperature Tower (CTT).

Specific test equipment for the SGAR tests included injectors for the reburn fuel, N-agent/promoters,
and overfire air. The reburn fuel and OFA were injected through radial injectors aligned upwards,
1.e. countercurrent to the gas flow. The N-agents and promoters were injected through axial injectors
aligned downwards. Delavan twin fluid nozzles were used for additive atomization, with bottled
nitrogen as the atomization medium. Prior to the experiments, system temperature profiles were
measured under various test configurations using a suction pyrometer. These profiles are presented

in Figure 6.2.
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Proper operation of system instrumentation was verified before the tests began, including
thermocouples, pressure gauges, and the flue gas sample system. A continuous emissions monitoring
system (CEMS) was used for on-line analysis of flue gas composition. The CEMS consisted of a
heated sample line, sample conditioning system (to remove moisture and particulate), and gas

analyzers. Species analyzed, detection principles, and detection limits were as follows:

. O,: paramagnetism, 0.1%

. NOy: chemiluminescence, 1 ppm

. CO: nondispersive infrared, 1 ppm
. COz,: nondispersive infrared, 0.1%

. N2O: nondispersive infrared, 1 ppm

Certified zero and span gases were used to calibrate the analyzers. A chart recorder was used to

provide a hard copy of analyzer outputs.
6.2 Reburning Alone
The first series of tests was designed to define the nominal performance of gas reburning without

additives. Test variables included reburn heat input (i.e. SRj), reburn zone residence time, and

reburn fuel transport medium (air or nitrogen). Baseline conditions were as follows:

. Reburn fuel injection temperature=1670 K
. SR;=1.10, SR3=1.15

. Overfire air injection temperature=1530 K
. Reburn zone residence time=350 msec

. NO;=600 ppm as measured

Figure 6.3 shows the impact of varying reburn fuel heat input upon NO reduction. For both air and
nitrogen transport, performance increased with increasing reburn heat input. Maximum NO
reductions were 42% and 59% with air and nitrogen transport, respectively. On the basis of reburn
heat input nitrogen transport gave greater NO reduction than air transport. However, this is primarily
because nitrogen transport gives lower reburn zone stoichiometry than air. When compared on the

basis of SRy, results are nearly identical.
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Figure 6.3 NO reduction vs. reburn heat input for CTT gas reburn: No additives or promoters.

Reburn zone residence time was varied by moving the OFA injector to different axial furnace
positions. Reburn zone residence time was varied from 200 to 1600 msec at 10% reburn heat input.
This corresponds to an overfire air injection temperature range of 1140 to 1590 K. As shown in
Figure 6.4, with nitrogen transport NO control increased from 35 to 58% as reburn zone residence

time increased from 200 to 1600 msec. With air transport NO control was not dependent upon

residence time.
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Figure 6.4 NO reduction vs. reburn zone residence time for gas reburn: No additives or promoters.
6.3 Promoted AR-Lean

In the AR-Lean tests, reburning was coupled with the injection of a single nitrogen agent, both with
and without promoters. N-agent was injected with the overfire air. Reburn heat input was 10%.
Figure 6.5 shows AR-Lean test results. The overfire air plus additive injection temperature was
varied. This changed the reburn zone residence time, causing reburn performance to vary. Aqueous
ammonia, urea, and ammonium sulfate were tested, each with and without 15 ppm of sodium
carbonate promoter. The listed promoter concentration assumes complete conversion to the gas
phase. Aqueous ammonia and urea performed somewhat better than ammonium sulfate. Sodium
carbonate both expanded the optimum temperature window to the right (i.e. to higher temperatures)
and increased maximum NO control. The highest NO reduction achieved was 87% with both

promoted aqueous ammonia and promoted urea at an injection temperature of 1300 K.
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Figure 6.5 AR-Lean performance.
6.4 Promoted AR-Rich

In the AR-Rich tests aqueous ammonia and urea were injected into the fuel rich reburn zone. Overfire
air was added at 1160 K. As shown in Figure 6.6, the impact of the promoter was pronounced for
this test system. Sodium carbonate shifted the optimum temperature to the right and significantly
widened the temperature window. Maximum NO reduction was 88%, obtained with both promoted

aqueous ammonia and promoted urea at an injection temperature of 1470 K.
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Figure 6.6 AR-Rich performance.

A series of screening tests was then conducted with different sodium promoter compounds. The
promoters were injected along with aqueous ammonia into the reburn zone at 1460 K. Six different
sodium compounds were characterized including Na;CO3, NaHCO3, trona (a mineral product
consisting of Na,CO3 and NaHCO3), NaCl, NaNOj3, and NaOH. As shown in Figure 6.7, reburning
alone provided 47% NO control, which was increased to 57% by the addition of ammonia. All six
sodium compounds significantly enhanced performance, although NaCl and NaNO3 were somewhat
less effective than the other four. Na,CO3 is effective, non-toxic, readily soluble in water, and is the
least expensive compound on a unit-sodium basis, and thus was selected as the primary promoter

compound for subsequent tests.
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Figure 6.7 Alternative promoter screening test results.

Parametric studies were then conducted to evaluate the impact of three process variables: sodium
concentration, initial NO concentration, and N-agent to NO stoichiometric ratio. Sodium
concentration was varied during injection of aqueous ammonia and urea into the fuel rich zone with
10% reburning. As shown in Figure 6.8, NO control increased as sodium concentration increased
from 0 to 30 ppm, and then levelled off as sodium concentration was further increased to over 100
ppm. Even 10 ppm Na (i.e. 5 ppm NayCO3) reduced the remaining NO fraction by 21 percentage
points, from 42 to 21%.
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Figure 6.8 NO control vs. Na promoter concentration.

Initial NO concentration was varied from 150 to 950 ppm during tests with reburn alone and reburn
plus injection of aqueous ammonia and sodium carbonate. As shown in Figure 6.9, NO reduction
increased with increasing NO;. For reburn plus injection of aqueous ammonia and sodium carbonate
over 90% NO control was obtained at NO;=950 ppm.
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Figure 6.9 NO reduction vs. NO; for rich side injection of NH4OH + Na,COs.

Nitrogen agent to NO;j stoichiometric ratio (NSR) was then varied from 0 to 2.0. As shown in
Figure 6.10, NO reduction increased with increasing NSR. NO reduction was 93% at NSR=2.0.
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Figure 6.10 NO reduction vs. NSR for rich side injection of NH4OH + Na,COs.
6.5 Multiple Injection AR (MIAR)

In the MIAR process N-agents and promoters are injected both in the reburn zone and with the
overfire air. CTT tests were conducted in which various combinations of rich and lean side additives
were injected. Figure 6.11 shows MIAR results obtained with promoter added to the fuel rich zone.
A maximum of 50% NO control was obtained by reburning alone. AR-Rich provided up to 67%
NO control. Reburning plus both rich and lean side injection of aqueous ammonia with no promoter
gave a maximum of 86% NO control. The best performance was obtained with reburning with rich
side injection of N-agent plus promoter and lean side injection of N-agent alone. This system reduced
NO emissions by over 90%. Reburning with rich side N-agent injection and lean side N-agent plus
promoter injection also gave up to 90% NO control. Moreover, these systems were largely insensitive
to injection temperature, with approximately 90% NO control obtained over the entire test range of
1380 to 1590 K.
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Figure 6.11 MIAR: NO reduction vs. additive injection temperature for reburn with both rich and

lean side additives.

6.6 Bench Scale Combustion Tests: Conclusions

Under the closely-controlled process conditions obtained at the 20 kW combustion test facility, the

following results were obtained:

1. Reburning alone achieved 50-60% NO reduction wittrF8R9-0.90 and high OFA injection

temperature.
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2. Promoted AR-Lean provided up to 86% NO reduction at 10% reburning heat input and 15
ppm NaCQ, in the flue gas.

3. Promoted AR-Rich provided up to 88% NO reduction at 10% reburning heat input and 15 ppm
Na,CQ, in the flue gas.

4. MIAR provided up to 91% NO removal, which is expected to increase at larger scale since the
injectors will not affect the temperature profile.
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7.0 PILOT SCALE DEVELOPMENT TESTS

Pilot scale tests were performed to build upon the bench scale results in a test facility more closely
simulating the combustion conditions found in a full scale boiler. The test facility was first configured
to match the residence time-temperature profile of a typical boiler, and then SGAR performance
tests were conducted with both natural gas and coal as primary fuels. A series of sampling test runs
was also performed to determine if the SGAR technologies caused concentrations of any byproduct

species to increase.

7.1 Preparation of Pilot Scale Combustion Facility

The pilot scale test work was conducted in EER’s Boiler Simulation Facility (BSF), which has a
full load firing capacity of 300 kW (1 MMBtu/hr). The BSF is designed to provide an accurate
subscale simulation of the flue gas temperatures and composition found in a full scale boiler. Prior
to the tests the BSF was configured to provide access for all required reburn, additive, and overfire

air injectors.

7.1.1 Boiler Simulator Facility

A schematic of the BSF is shown in Figure 7.1. The furnace is designed with a high degree of
flexibility to produce combustion conditions typical of full scale utility boilers. The BSF consists

of a burner, vertically down—fired radiant furnace, horizontal convective pass, and baghouse. A
variable swirl diffusion burner with an axial fuel injector is used to simulate the approximate
temperature and gas composition of a commercial burner in a full scale boiler. Primary air is injected
axially, while the secondary air stream is injected radially through the swirl vanes to provide controlled
fuel/air mixing. The swirl number can be controlled by adjusting the angle of the swirl vanes.
Numerous ports located along the axis of the facility allow supplementary equipment such as reburn
injectors, additive injectors, overfire air injectors, and sampling probes to be placed in the furnace.
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Figure 7.1 Boiler Simulator Facility (BSF).

The cylindrical furnace section is constructed of eight modular refractory lined sections with an
inside diameter of 22 inches. The convective pass is also refractory lined, and contains air cooled
tube bundles to simulate the superheater and reheater sections of a utility boiler. Heat extraction in
the radiant furnace and convective pass can be controlled such that the residence time-temperature
profile matches that of a typical full scale boiler. A suction pyrometer is used to measure furnace
temperatures. Figure 7.2 shows the BSF temperature profile during natural gas firing with 10%

reburning. Furnace temperatures are similar during coal firing.
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Figure 7.2 BSF temperature profile during 10% reburning.

Test fuels included natural gas and pulverized coal. Municipal natural gas was used, and was delivered
by means of line pressure. Two test coals were employed, including a low sulfur bituminous Utah
coal and a high sulfur bituminous Illinois coal. Each coal was pulverized such that 70% passed
through a 200 mesh screen. Coal was metered using a twin screw feeder and was pneumatically
transported to the burner.

7.1.2 Reburning and Additive Injection Systems

Natural gas was used as the reburn fuel. The reburn injector was elbow-shaped, and was installed
along the centerline of the furnace, aligned in the direction of gas flow. A gaseous transport medium
was added along with the reburn natural gas to provide sufficient momentum for good mixing with
the furnace gas. Both air and bottled nitrogen were tested as transport media. Overfire air was
injected through an elbow-shaped injector to burn out combustibles generated in the reburn zone.

The OFA injection temperature was varied as required by the test plan.
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Nitrogen agents and sodium promoters were injected as aqueous solutions. Twin fluid atomizers
made by Delavan Corp. were used, employing both air and nitrogen as transport media. The additives
were injected into the reburn zone and/or with the OFA. In the latter case, the OFA itself was used

as the atomization medium.
7.1.3 Sampling and Analysis Methods
A continuous emissions monitoring system (CEMS) was used for on-line flue gas analysis. CEMS

equipment and analyzers were identical to those for the bench scale tests, as described in Section

6.1. Manual method sampling was also performed for the following byproduct species:

. NH, and HCN: EPA Draft Method 206 with ion chromatography analysis

. SO,: controlled condensation

. Fly ash mass loading, size distribution, PM10, and PM2.5: EPA Method 5 and cascade
impactors

. Carbon in ash: Extractive ash sampling with induction furnace analysis

7.2 Pilot Scale Combustion Tests with Natural Gas Firing

In the initial pilot scale tests, natural gas was used as the main and reburning fuel. The initial NO
concentration, 600 ppm, was established by addition of ammonia to primary natural gas. The
reburning fuel (10% of total heat input) provided slightly fuel-rich conditions in the reburn zone
with SR»=0.99. Processes characterized included promoted AR-Lean, promoted AR-Rich, hybrid
AR-Lean/SNCR, hybrid AR-Rich/SNCR, and MIAR.

7.2.1 Promoted AR-Lean

AR-Lean includes the addition of reburning fuel followed by injection of OFA along with an N-
agent. The N-agent can be injected with or without promoter which is dissolved in the aqueous N-

agent solution. In all tests, the amount of N-agent corresponded to NSR=1.5.

Figures 7.3 and 7.4 demonstrate the performance of the AR-Lean process for injection of urea and
aqueous ammonia, respectively. Reburning alone gave about 50% NO reduction, and depended
slightly on the OFA injection location. At OFA injection temperatures of 1140 and 1530 K, NO was
reduced by 52 and 47%, respectively. Injection of urea with OFA provided 53-82% NO reduction

depending on the injection temperature. The performance of ammonia was slightly lower, i.e. 45-
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81%. At an injection location of 1330 K, urea gave 78% NO reduction, while ammonia only 70%.
The results with ammonia injection are qualitatively consistent with modeling (Section 8) taking
into account the fact that ammonia appears in the gas mixture with a short delay time that is necessary
for evaporation of the solution. Addition of sodium carbonate to the N-agent greatly improved NO
reduction. Performance was about equal for ammonia and urea, in the range of 54-94% with optimum
performance obtained between 1200 and 1370 K. These data are in agreement with the CTT results,
although slightly higher NO reduction (by about 2-5 percentage points) was obtained in the BSF.
As in the CTT tests, there is almost no difference in NO reduction between injection of 30 and 50

ppm Na.
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Figure 7.3 AR-Lean with aqueous urea/sodium injection.
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Figure 7.4 AR-Lean with aqueous ammonia/sodium injection.

Interestingly, the presence of small sodium amounts (30-50 ppm) affected CO emissions at low
OFA injection temperatures. Without sodium, CO emissions were 20-60 ppm when OFA and N-
agent were injected at 1230 K, and 100-120 ppm at 1130 K. In the presence of sodium, CO emissions
were 60-100 ppm at 1230 K, and 120-320 ppm at 1130 K. At OFA injection temperatures higher
than 1230 K, CO emissions were 20-30 ppm even in the presence of sodium. Thus, the optimum
OFA/N-agent injection temperature is about 1260-1370 K. At these temperatures, NO can be reduced

by 89-94% without increasing CO emissions.
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7.2.2 Promoted AR-Rich

The AR-Rich process includes injection of reburning fuel, injection of N-agent into the reburning
zone, and injection of OFA. The N-agent can be injected with or without promoter which is, as in
AR-Lean, dissolved in an aqueous solution of the N-agent. In all tests the amount of N-agent

corresponded to NSR=1.5.

The performance of AR-Rich greatly depends on the OFA injection temperature. Figures 7.5 and
7.6 show experimental results obtained with injection of urea and aqueous ammonia, respectively,
for OFA injection at 1180 K. Each reagent provided 70-77% NO reduction, depending on injection
temperature. However, addition of sodium carbonate at 30-50 ppm Na significantly improved NO
reduction, up to 94-95%. Again, the reduction of NO in the BSF was a few percentage points better
than that in the bench scale CTT.
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10% Nat. Gas Reburning, N2 transport.
Advanced Reburn, Ureainjected in reburn zone
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Figure 7.5 AR-Rich with urea/sodium injection. OFA is injected at 1180 K.
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Figure 7.6 AR-Rich with ammonia/sodium injection. OFA is injected at 1180 K.

Surprisingly, injection of 30-50 ppm sodium resulted in much higher CO emissions (at low OFA
injection temperatures) than in the AR-Lean process. Without sodium, CO emissions were within
10-25 ppm, but injection of sodium caused greater than 2500 ppm CO emissions. This effect (higher
CO emissions after injection of sodium under fuel rich conditions) was noticed earlier in the CTT
tests, but measurement accuracy was considered to be questionable. In the BSF tests, CO
measurements were carefully checked and repeated. High CO emissions show that in the presence
of sodium the process of CO oxidation is inhibited. This inhibition effect is stronger under fuel rich
conditions. A possible explanation of this effect is the existence of the chain reaction involving

sodium compounds, H atoms and OH radicals:

NaOH +H - Na + H,0 (7.1)
Na+OH+M - NaOH +M (7.2)
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Sodium hydroxide, NaOH, can be formed via thermal decomposition of sodium carbonate followed

by the reaction of sodium oxide with water vapor that is available in flue gas:

Na;CO3 =Na,O + CO, (7.3)
Na,0 + H,0 = 2 NaOH (7.4)

Then, NaOH reacts with H atoms via reaction (7.1) to form Na atoms and H,O molecules. The Na
atoms can then recombine with OH radicals to return NaOH (7.2). The total reaction (7.1)+(7.2) is

just H and OH recombination into water:

Total (7.1)+(7.2): H+OH+M - H,0+M (7.5)

Thus, under certain conditions, the total amount of H and OH radicals can be reduced, due to the
presence of sodium compounds. As a result, CO can escape oxidation, since the main reaction of

CO oxidation is the interaction with hydroxyl radicals:

CO+OH - CO,+H (7.6)

Under fuel rich conditions, the total amount of radicals is typically lower than under fuel lean
conditions. Therefore, this mechanism of radicals suppression can be more important under fuel
rich conditions. The experimental effort at the University of Texas (Section 5) and the modeling
study (Section 8) were conducted to model and better understand the reactions of Na in flue gas. A

preliminary reaction mechanism with Na reactions was selected and is presented in Section 8.

Similar to AR-Lean, increasing the OFA temperature during AR-Rich can decrease CO emissions
in the presence of sodium. AR-Rich tests were conducted with two higher OFA temperatures: 1380
and 1510 K. Figures 7.7 and 7.8 present the results. Injection of 20 g/min water in the reburning
zone did not change NO reduction. When urea was added, 60-70% NO reduction was achieved.
Sodium promoted the reaction up to 80-90% NO reduction, i.e. 10-20% NO remaining. CO emissions

were also found to decrease to near baseline levels at these high OFA temperatures.
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Figure 7.7 AR-Rich with urea/sodium injection. OFA is injected at 1380 K.
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Figure 7.8 AR-Rich with urea/sodium injection. OFA is injected at 1510 K.

Figure 7.9 demonstrates the impact of sodium concentration on NO reduction for AR-Rich. In

these tests, urea and sodium were injected at 1520 K and OFA at 1320 K. Increasing Na concentration
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from 0 to 55 ppm resulted in improvement of NO reduction from 76 to 90%. However, the CO
emissions increased from 20 ppm at Na=0 to 65 ppm at Na=22 ppm and to 500 ppm at Na=55 ppm.
Thus, injection of sodium with a N-agent in the reburn zone requires a temperature of OFA injection
higher than 1320 K to prevent CO formation. This result demonstrates the importance of sodium

chemistry in NO control via reburning.
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Figure 7.9 Effect of sodium on NO reduction in AR-Rich.

7.2.3 Hybrid AR-Lean/SNCR

Combined AR-Lean/SNCR tests were then conducted at the BSF. In these tests, the reburning fuel
was injected at 1640 K and N-agent (aqueous ammonia or urea) was added with the OFA at 1370 K.
Then, a second N-agent was injected under fuel lean conditions at 1160 K. Concentration of each

N-agent corresponded to NSR=1.5. NO reduction was measured with and without addition of sodium
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carbonate to each N-agent. The concentration of sodium was 100 ppm for each sodium carbonate
addition. Figure 7.10 presents the results for the urea tests. Performance with urea was somewhat

greater than that with ammonia.

Primary Fuel: Nat. gas @ 705,000 Btu/hr
10.2% Natural Gas reburning

SR1=1.10. SR2=0.99, SR3=1.15
Location #1 isat 1370 K w/OFA, NSR=1.5
Location #2 isat 1160 K, NSR=1.5
Na2CO3 Promoter, 100 ppm Na
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Figure 7.10 NO reduction during natural gas firing by combined AR-Lean/SNCR with urea injection
at two locations.
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Reburning alone (bar A) gave 53% NO reduction. Injection of urea with OFA, i.e. AR-Lean resulted
in 76% NO removal, bar B. Injection of a second N-agent increased the NOy control to 85%, bar C.
The best result was achieved when sodium was injected with the first N-agent, bar D, for which NO
removal increased from 85 to above 98%. Addition of sodium to the second N-agent was not effective,
(see bars E and F). There is almost no difference in NO reduction for bars C and E, as well as for
bars D and F. This would appear to imply that it is necessary to add the promoter with the high

temperature N-agent for optimum performance.

7.2.4 MIAR

MIAR tests were conducted with natural gas as both the main and reburn fuels. N-agents and

promoters were injected at rich and lean side locations. Rich and lean side additive injection
temperatures and SR, were varied. In all tests urea was used as the N-agent and Na;CO3 was used

as the promoter.

Tests were performed at SR, values of 0.99 (10% reburning) and 0.90 (18% reburning). In the first
test series, rich side additive injection temperature was varied from 1370 to 1530 K, and lean side
additives were injected along with the OFA at 1310 K. Figure 7.11 shows NO reduction as a
function of rich side additive injection temperature at SRy = 0.99. The systems were fairly insensitive
to temperature. Reburning alone gave 49% NO reduction. Reburning plus rich and lean side N-
agents with no promoters gave 77 - 82% NO reduction. Addition of sodium promoter to the lean
side additive improved NO reduction by about 4 percentage points at each temperature. When
sodium promoter was added to the rich side N-agent, NO reduction increased to 95 - 97%. Addition
of sodium to both N-agents also gave 95 - 97% NO reduction. These results indicate that for

natural gas firing sodium is most effective when added to the rich side additive.
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BSF, Firing Rate: 705,000 Btu/Hr

Main Fuel: Nat.Gas, 10% Nat.Gas Reburn

SR1=1.10, SR2=0.99 and SR3=1.15

NOI=600 ppm @0%02

Rich side urea + Na2CO3 injection temperature varied
Lean side urea+ Na2CO3 injected w/OFA at 1310 K
30 ppm Na

@® Reburning

Reburning +Rich N-agent+Lean N-agent

®

A Reburning +Rich N-agent+Lean N-agent w/Na
[0 Reburning +Rich N-agent w/Na+Lean N-agent
O

Reburning +Rich N-agent w/Na+Lean N-agent w/N4g
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Figure 7.11 Effect of rich side additive injection temperature upon MIAR performance during
natural gas firing at SRy = 0.99.

The promoters also demonstrated the ability to control N,O emissions. When N-agents were injected
without promoters, N,O ranged from 80 ppm at 1370 K to 39 ppm at 1530 K. When sodium
promoters were added with either N-agent, N,O fell to near zero.

Figure 7.12 shows NO reduction as a function of rich side additive injection temperature at SR, =
0.90. Reburn alone provided 72% NO control. The N-agents provided limited additional NO
control, and in some cases actually caused NO to increase. Sodium promoted addition improved
performance, with the strongest effects seen when promoter was added in the rich zone. Maximum
NO control was 90% at a rich side additive injection temperature of 1370 K. N,O ranged from 13

to 32 ppm with N-agents but no promoter, and decreased to near zero when sodium was added.
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BSF, Firing Rate: 705,000 Btu/Hr

Main Fuel: Nat.Gas, 18% Nat.Gas Reburn

SR1=1.10, SR2=0.90 and SR3=1.15

NOi=600 ppm @0%02

Rich side urea + Na2CO3 injection temperature varied
Lean side urea+ Na2CO3 injected w/OFA at 1310 K

30 ppm Na
@® Reburning
® Reburning +Rich N-agent+Lean N-agent
A Reburning +Rich N-agent+Lean N-agent w/Na
O Reburning +Rich N-agent w/Na+Lean N-agent
O Reburning +Rich N-agent w/Na+Lean N-agent w/Na
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Figure 7.12 Effect of rich side additive injection temperature upon MIAR performance during
natural gas firing at SR, = 0.90.

The test results indicate that optimum MIAR performance is obtained at SRy = 0.99 (10% reburning).
This relatively low reburn heat input has several operational advantages. Specifically, the near-
stoichiometric conditions serves to minimize high temperature boiler corrosion problems, and the

low reburn heat input minimizes changes in boiler heat distribution and corresponding decreases in

thermal efficiency.
7.3 Pilot Scale Combustion Tests with Coal Firing

Pilot scale tests were then conducted with coal as the primary fuel and natural gas as the reburning
fuel. Both low sulfur Utah coal and high sulfur lllinois coal were tested. The initial NO concentration
was 800-1000 ppm. Processes characterized included promoted AR-Lean, promoted AR-Rich, hybrid
AR-Lean/SNCR, and MIAR. A series of byproduct sampling runs was also conducted while firing

coal.



7.3.1 Promoted AR-Lean

In the first AR-Lean tests, low sulfur Utah coal was used as the main fuel and natural gas as the
reburning fuel. Reburn fuel (10%) was injected at 1640 K, providing a reburn zone stoichiometry
of 0.99. Aqueous urea and sodium carbonate were injected along with the OFA at varying
temperatures. Figure 7.13 demonstrates that 55-60% NO reduction was achieved by 10% reburning
alone. Performance strongly depended on the urea/OFA injection temperature. Injection of urea
with the OFA had virtually no effect at high injection temperatures of 1480-1590 K. Under these
conditions, emissions of CO were about 40 ppm without Na and 60 ppm in the presence of Na. At
urea/OFA injection temperatures lower than 1480 K, NO is substantially reduced, by up to 90%.
However, higher CO emissions were measured, i.e. 40-60 and 80-100 ppm CO in the absence and
presence of sodium, respectively. The concentration of Na was varied from 0 to 200 ppm, equivalent
to 0 to 100 ppm Nay;COj3 in the flue gas. The effect of sodium on NO reduction was noticeable, 2-

8 percentage points, but not as great as in the natural gas firing tests.

Utah Coal main fuel, 705,000 Btu/hr
10% Nat. Gas Reburning, N2 transport.
SR1=1.10, SR2= 0.99 and SR3= 1.15
Urea or Urea/lNa2CO3 injected with OFA
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] O Reburning+Urea+30 ppm Na
80 A Reburning+Urea+50 ppm Na
1 O Reburning+Urea+100 ppm Na
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Figure 7.13 NO reduction by AR-Lean during coal firing.
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Tests were then conducted with high sulfur [llinois coal as the primary fuel. Figure 7.14 shows NO
reduction as a function of the N-agent/OFA injection temperature. Reburning alone gave 48% NO
reduction. For both the promoted and unpromoted cases, optimum performance was obtained at
1310 K. Maximum NO reduction was 78% with no promoter and 84% with 150 ppm of Na. Sodium
exhibited a greater promotional effect at the lower injection temperatures. Performance was slightly
lower than that obtained with Utah coal, possibly because the higher SO, concentration generated

by the Illinois coal partially deactivated the sodium promoter.

Firing Rate: 705,000 Btu/Hr

Main Fuel : lllinois Cod

9% Nat.Gas Reburn

SR1=1.10, SR2=0.99, SR3=1.15

NO level: 1000 ppm @0%O2 dry
Additive co-injected with OFA, NSR=1.5
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Figure 7.14 AR-Lean tests: Effect of N-agent/OFA injection temperature upon performance.

7.3.2 Promoted AR-Rich

Similar to natural gas firing, the performance of AR-Rich during coal firing depends strongly on

the OFA injection temperature. Figures 7.15 and 7.16 demonstrate experimental results for injection
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of OFA at 1170 and 1300 K, respectively. Utah coal was the main fuel. Urea (NSR=1.5) and different
amounts of sodium (0-200 ppm) were injected at varying temperatures. Lower OFA injection
temperature was found to provide better NO reduction. Reburning followed by urea injection in the
reburn zone at different temperatures provided 78-88% NO control with OFA at 1170 K (Figure
7.13) and 70-77% NO control with OFA at 1300 K (Figure 7.15). With sodium addition, maximum
NO reductions were 92% with OFA at 1170 K and 83% with OFA at 1300 K. The effect of sodium
was less than for natural gas firing. A possible reason for this is interaction of sodium compounds

with SO; and HCl in flue gas to form sodium sulfite, sodium sulfate or sodium chloride.

Utah Coal main fuel, 705,000 Btu/hr
10% Nat. Gas Reburning, N2 transport.
SR1=1.10, SR2=0.99 and SR3=1.15
NQOI=800 ppm as meas.
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80: A Reburning+Urea+50 ppm Na [—
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Figure 7.15 Effect of urea injection temperature and concentration of sodium on NO reduction in
AR-Rich with coal firing. OFA injection temperature is 1170 K.
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Utah Coal main fuel, 705,000 Btu/hr
10% Nat. Gas Reburning, N2 transport.
SR1=1.10, SR2=0.99 and SR3=1.15
NOI=800 ppm as mesas.

100+
1 % Reburning+Urea
90+ —
1 O Reburning+Urea+30 ppm Na
80: A Reburning+Urea+50 ppm Na [
O Reburning+Urea+100 ppm Na
70 ]
i < Reburning+Urea+200 ppm Na
g 60: @® Reburning alone -
o ]
= R
£ 50*
]
g ]
4 . ® - --r---H --@®------@
S 40
30
1 —
1 ] I —
20 —5—
10
ottt

1200 1250 1300 1350 1400 1450 1500 1550 1600
Peak Injection Temperature (K)

Figure 7.16 Effect of urea injection temperature and concentration of sodium on NO reduction in
AR-Rich with coal firing. OFA injection temperature is 1300 K.

For injection of OFA at 1170 K, CO emissions were about 60 ppm without sodium and 100 ppm in
the presence of sodium. Variation of the sodium concentration did not affect CO emissions. At an
OFA injection temperature of 1300 K, CO emissions were about 40 and 60 ppm in the absence and

in the presence of sodium, respectively.

AR-Rich tests were then conducted with high sulfur Illinois coal as the main fuel, with OFA added
at 1310 K. Figure 7.17 shows NO reduction as a function of the N-agent injection temperature.
Performance increased with decreasing injection temperature, with greatest NO reduction obtained
at 1370 K. Maximum NO control was 86% with no promoter and 93% with 150 ppm sodium. The
incremental benefit provided by the sodium promoter appeared to increase with decreasing

temperature.
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Firing Rate: 705,000 Btu/Hr
Main Fuel : Illinois Coal

9% Nat.Gas Reburn

SR1=1.10, SR2=0.99, SR3=1.15
NO level: 1000 ppm @0%O2 dry
OFA injected at 1310 K, NSR=1.5
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Figure 7.17 AR-Rich tests: Effect of N-agent injection temperature upon performance.

[llinois coal AR-Rich tests were then conducted in which the OFA injection temperature was varied,

with the N-agent injection temperature held constant at 1530 K. This temperature is well above the
optimum, but is of interest for boilers that have limited access at lower temperatures for liquid
injectors. As shown in Figure 7.18, performance increased with decreasing OFA temperature. Sodium

provided an incremental increase in NO reduction of about 6 percentage points at each temperature.
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Firing Rate: 705,000 Btu/Hr

Main Fuel : Illinois Coal

9% Nat.Gas Reburn

SR1=1.10, SR2=0.99, SR3=1.15

NO level: 1000 ppm @0%0O2 dry
Additive injected at 1530 K, NSR=1.5
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Figure 7.18 AR-Rich tests: Effect of OFA injection temperature upon performance.

Illinois coal AR-Rich tests were then conducted at high sodium concentrations to define the maximum
achievable extent of NO reduction. Sodium promoter concentration was varied from 0 to 2000
ppm. Reburn zone SR was 0.99, additives were injected at 1450 K, and OFA was injected at 1370
K. As shown in Figure 7.19, NO reduction increased from 63% at 0 ppm sodium to 86% at 2000
ppm sodium. The main drawback of high sodium level is the potential for increased boiler fouling.
A sodium concentration of 150 ppm was selected for most of the test work as a concentration
providing significant promotion while being low enough to minimize fouling effects. As shown in
Figure 7.19, this level of sodium addition can also provide a small degree of SO; control by reaction

to form sodium sulfate.
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Firing Rate: 705,000 Btu/Hr

Main Fuel : Illinois Coal

9% Nat.Gas Reburn

SR1=1.10, SR2=0.99, SR3=1.15

NO level: 1000 ppm @0%0O2 dry

Additiveinjected at 1450 K, OFA injected at 1370 K
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Figure 7.19 AR-Rich tests: Effect of sodium promoter concentration upon performance.

7.3.3 Hybrid AR-Lean/SNCR

Combined AR-Lean/SNCR tests were conducted with Utah coal as the main fuel. The conditions
were similar to those for the natural gas tests: reburning fuel was injected at 1640 K, ammonia or
urea was added at 1370 K, and 100 ppm Na was injected with each N-agent. NO reduction was
measured with and without sodium. The second N-agent was injected under fuel lean conditions at
1200 K, a slightly higher temperature than in the natural gas firing tests. Figure 7.20 shows results

for urea injection. Similar results were obtained with urea and ammonia.
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Primary Fuel: Utah coal @ 705,000 Btu/hr
10.2% Natural Gas reburning

SR1=1.10. SR2=0.99, SR3=1.15
Location #1 isat 1370 K w/OFA, NSR=1.5
Location #2 isat 1200 K, NSR=1.5
Na2CO3 Promoter, 100 ppm Na
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Figure 7.20 NO reduction during coal firing by combined AR-Lean/SNCR with urea injection at
two locations.

It is of interest to compare the performance of the combined AR-Lean/SNCR process for natural
gas and coal firing, as summarized in Table 7.1. Corresponding test conditions are shown in Figures

7.10 and 7.20 for gas and coal firing, respectively.
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Table 7.1. Comparison of NO reduction (%) for hybrid AR-Lean/SNCR with gas and coal firing.
Corresponding CO emissions in ppm are shown in parentheses.

Natural Gas Firing Coal Firing
Bar Test Conditions Urea  Ammonia Urea  Ammonia
A 10% Reburn @ 1640 K, 53(20)  53(20) 49(60) 49(60)
OFA @ 1370 K
B AR-Lean, OFA @ 1370 K 76(30) 58(30) 66(60) 62(60)
C AR-Lean + SNCR 85(30) 73(30) 85(60) 84(60)
D AR-Lean/Na + SNCR 98(190) 96(180)  91(60) 90(60)
E AR-Lean + SNCR/Na 87(30) 78(30) 94(60) 93(60)
F AR-Lean/Na + SNCR/Na 98(190) 96(180)  95(60) 94(60)

Reburning alone provided 53% NO reduction with natural gas firing and 49% NO reduction with
coal firing. Mixed results were obtained for AR-Lean: 58-76% for natural gas and 62-66% for coal.
AR-Lean + SNCR provided up to 85% NO reduction for both natural gas and coal firing. The best
results for natural gas firing were achieved by addition of sodium to the first N-agent, 96-98% NO
control. Under the same conditions, 90-91% NO was reduced in coal firing. Sodium can likely
react with SO, and HCl in flue gas, and therefore the performance is not as great in the coal firing
tests. Addition of sodium to the second N-agent can be considered as the best result for coal firing:
93-94% NO reduction. Surprisingly, the same arrangements with natural gas firing resulted in only
78-87% NO reduction. Coal flue gas includes vapors of some mineral compounds which can promote
the reburning process, and therefore, the presence of the mineral matter in the reburn zone of coal
combustion can improve NO reduction. Finally, addition of sodium to both N-agents shows that the
second Na additive is not effective for natural gas firing, and the first Na additive has virtually no

effect for coal firing.

Data on CO emissions are also presented in Table 7.1. The CO emissions increased in some tests

with natural gas firing, but not with coal tests. Two important conclusions can be made based on

these hybrid AR/SNCR tests:

1. The hybrid AR-Lean/SNCR process is very effective for NO_ control and can achieve up to
95 and 98% NO reduction for coal and natural gas firing, respectively.
2. Addition of sodium to the second N-agent is more effective for coal than for natural gas

firing. The first Na additive is more effective for natural gas than for coal firing.
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7.3.4 Hybrid AR-Rich/SNCR

A series of tests was conducted involving AR-Rich plus SNCR during Illinois coal combustion.
The first N-agent was injected at 1590 K and OFA was added at 1530 K. The second N-agent was
injected downstream of the reburn zone at temperatures ranging from 1230 to 1390 K. Four
conditions were run, including no promoter, sodium addition to the first N-agent alone, sodium
addition to the second N-agent alone, and sodium addition to both N-agents. As shown in Figure
7.21, performance increased with increasing second N-agent injection tempeature. Adding 150
ppm sodium to both N-agents increased NO reduction by 4 to 6 percentage points at each temperature.
Maximum NO reductions, obtained at 1390 K, were 88% with no promoter and 93% with sodium

added to both N-agents.
Firing Rate: 705,000 Btu/Hr
Main Fuel : Illinois Coal
9% Nat.Gas Reburn
SR1=1.10, SR2=0.99, SR3=1.15
NOi: 1000 ppm @0%02 dry
First additive injected at 1590 K
OFA injected at 1530 K

NSR=1.5
@® Reburning
A Reburning +Agentl+Agent 2
< Reburning +Agentl+Agent 2/Na 150 ppm
47 Reburning +Agent1/Na 150 ppm+Agent 2
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Figure 7.2.1 AR-Rich + SNCR tests: Effect of second additive injection temperture upon
performance.
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7.3.5 MIAR

Multiple injection advanced reburning (MIAR) components include reburning, AR-Rich, and AR-
Lean (both with and without promoters). Test variables at the BSF included reburn heat input, AR-
Rich injection temperature, AR-Lean injection temperature, and sodium promoter concentration.
Illinois coal was used as the main fuel. Figure 7.22 shows NO reduction as a function of the AR-
Rich injection temperature at reburn zone SR»=0.90 (18% reburning heat input). OFA was injected
at 1310 K. Reburning alone gave 74% NO reduction. Overall MIAR NO reduction was 80-82%,
and was nearly constant as additive injection temperature was varied from 1370 to 1530 K. Addition
of sodium promoter did not significantly impact performance. Because performance was relatively
low at this SR, temperatures above 1530 K were not tested. Thus, the effectiveness of N-agents
and promoters is low at SR, = 0.90.

Firing Rate: 705,000 Btu/Hr

Main Fuel : lllinois Coal

18% Nat.Gas Reburn

SR1=1.10, SR2=0.90, SR3=1.15

NOi: 1000 ppm @0%O2 dry

Second additive co-injected with OFA at 1310 K
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Figure 7.22 MIAR tests: Effect of first additive injection temperature upon performance at 18%
reburning.
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Similar tests were then conducted at SR»=0.99 (9% reburning). Figure 7.23 shows performance as
a function of AR-Rich additive injection temperature. Reburning alone gave 48% NO reduction.
MIAR NO reduction increased with decreasing first additive injection temperature. Sodium promoter
was added to each N-agent individually and to both agents. Adding promoter to both N-agents
provided an incremental performance increase of about 5 percentage points at each temperature.
Maximum NO reduction was 94%, obtained with promoter added to both N-agents at an AR-Rich
injection temperature of 1370 K. It is also noteworthy that performance remained relatively good at
high injection temperatures. NO reductions above 80% were obtained at injection temperatures
below 1590 K. This insensitivity can provide greater flexibility for application to boilers with limited

furnace access for injectors.

Firing Rate: 705,000 Btu/Hr

Main Fuel : Illinois Coal

9% Nat.Gas Reburn

SR1=1.10, SR2=0.99, SR3=1.15

NOi: 1000 ppm @0%0O2 dry

Second additive co-injected with OFA at 1310 K
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Figure 7.23 MIAR tests: Effect of first additive injection temperature upon performance at 9%
reburning.
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MIAR tests were then conducted in which the AR-Lean additive injection temperature was varied,
with the AR-Rich temperature fixed at 1450 K. The AR-Lean additives were co-injected along with
the OFA. Figure 7.24 shows results obtained at SR»=0.90 (18% reburning heat input). Reburning
alone gave 74% NO reduction. Overall MIAR NO reduction was 76-82%, and was nearly constant
as additive injection temperature was varied from 1200 to 1370 K. Addition of sodium promoter to
both N-agents increased NO reduction by 5 percentage points at 1200 K, but did not significantly
impact performance at 1370 K. These tests confirmed that N-agents and Na promoters have relatively

low effect at SR, = 0.90.

Firing Rate: 705,000 Btu/Hr

Main Fuel : lllinois Coal

18% Nat.Gas Reburn

SR1=1.10, SR2=0.90, SR3=1.15

NOi: 1000 ppm @0%02 dry

First additive injected at 1450 K
Second additive co-injected with OFA
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Figure 7.24 MIAR tests: Effect of second additive injection temperature upon performance at 18%
reburning.
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AR-Lean additive injection temperature was then varied at reburn zone SR=0.99 (9% reburning).
As shown in Figure 7.25, reburning alone gave 48% NO reduction. With two N-agents with no
promoters, a maximum of 86% NO reduction was obtained. The optimum temperature was 1310
K, and performance decreased as additive injection temperature increased to 1370 K. However,
with 150 ppm sodium promoter added to the first N-agent, performance increased with increasing
temperature. Highest NO reduction was 95%, obtained at an AR-Lean additive injection temperature
of 1370 K. It is theorized that adding sodium with the first N-agent at higher temperatures makes it
available to promote reduction of NO by the second N-agent.

Firing Rate: 705,000 Btu/Hr

Main Fuel : Illinois Coal

9% Nat.Gas Reburn

SR1=1.10, SR2=0.99, SR3=1.15

NOi: 1000 ppm @0%02 dry

First additive injected at 1450 K
Second additive co-injected with OFA
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Figure 7.25 MIAR tests: Effect of second additive injection temperature upon performance at 9%
reburning.
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7.3.6 Byproduct Sampling Tests

While the AR technologies have shown the ability for effective NOy control, another consideration
is whether they generate any undesirable byproducts. Specifically, it was sought to determine whether
the different variations of AR generate byproduct emissions greater than those of commercially
accepted technologies such as SNCR and reburning. To answer this question, byproduct sampling

tests were performed at the BSF. The following seven conditions were tested:

. Baseline coal firing

. SNCR

. Reburning

. AR-Rich

. AR-Lean

. Reburning plus SNCR
. MIAR

Test conditions, including reburn heat input, injection temperatures, promoter amounts and OFA
temperatures, were selected as providing NOx control in the 80 - 90% range and also being achievable

in a typical utility boiler. For each condition, sampling included:

. CO, SO3, N,0, and total hydrocarbons
. NHj3 and HCN

° SO3
. Fly ash mass loading, size distribution, PM10, and PM2.5
. Carbon in ash

Test conditions and sampling data are summarized in Table 7.2. The byproducts were measured at
conditions which were preliminarily optimized for NOy control. Additional optimization tests on
byproduct emissions is planned for Phase II. However, even without significant byproduct
optimization efforts, the AR technologies do not generate more byproducts than reburning or SNCR.

Results for each of the byproduct compounds tested are described below.
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Table 7.2 Byproduct sampling conditions and results.

Baseline configuration:  Illinois coal @ 0.71 MMBtu/hr ~ Test conditions: NSR=1.5

NOi=1000 ppm as measured N-agent: Urea
SR1=1.10, SR3=1.15 Na promoter: Na2CO3
Test Case
1. 2. 3. 4. 5. Reburn 6. 7.
Parameter Baseline | SNCR | AR-Rich | MIAR | +SNCR | AR-Lean | Reburning
Test Conditions
Reburn heat input (%) None [None [10% 10% 10% 10% 20%
Rich side additive T (F) [None None (2100 2000 |None None None
Rich side Na (ppm) None None [150 150 None None None
OFA T (F) None [None [1900 1900 {2300 1900 2300
Lean side additive T (F) [None 1900  [None 1900 1900 1900 None
Lean side Na (ppm) None |None |None 0 None 150 None
Sampling Results

CO (ppm @0% O2) 58 120 75 95 129 95 57
SO2 (ppm @0% 0O2) 3140 3011 3050 3012 3120 3045 3011
N20 (ppm @0% 02) 1 73 1 38 98 69 1
THC (ppm @0% O2) 2 2 2 2 2 2 2
NH3 (ppm @0% 02) 0.0 473 0.0 4.4 50.1 0.0 0.0
HCN (ppm @0% O2) 0.0 0.0 1.1 1.2 1.6 1.0 0.5
SO3 (ppm @0% O2) 2.0 0.8 1.3 1.1 1.7 2.8 1.2
Particulate loading
(gr/dscf) 2.0 2.3 1.8 1.9 2.2 2.3 2.1
Fly ash MMD (microns) 8.1 8.7 10.8 10.1 8.2 8.6 8.5
PM10 (%) 54.4 52.1 49.2 49.8 55.4 53.0 53.5

(gr/dscf) 1.09 1.21 0.88 0.93 1.24 1.23 1.10
PM2.5 (%) 10.5 10.1 9.4 13.6 14.3 11.2 12.6

(gr/dscf) 0.21 0.23 0.17 0.25 0.32 0.26 0.26
Carbon in ash (%) 0.08 0.03 0.17 0.26 0.07 0.10 0.08

CEMS Emissions

A continuous emissions monitoring system (CEMS) was used to sample for CO, SO;, N,O, and
total hydrocarbons. SO; concentrations were in the range of 3010 to 3140 ppm (@ 0% O») for each
condition, and were not affected by the AR technologies. Total hydrocarbon emissions were 2 ppm
for each test condition. Figure 7.26 summarizes CO and N,O emissions for each of the seven test
conditions. CO and N,O generally increased during application of the NOy control technologies
relative to baseline coal firing. The largest increases were associated with the low temperature N-
agent injection technologies, i.e. SNCR and reburning + SNCR. For SNCR, CO increased from 58
to 120 ppm, and N>O increased from 1 to 73 ppm. OFA was injected at 1310 K. Thus AR-Lean,
AR-Rich, and MIAR generate lower concentrations of CO and N,O than does SNCR under similar
conditions. It is believed that CO and N;O concentrations could be further reduced by injecting
OFA at a higher temperature.
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Main Fuel: Illinois Coal @ 705,000 Btu/hr
SR1=1.10, SR3=1.15
NOiI=1000 ppm as measured

200

150

Emissions (ppm)
S
o

S ey
#0000
]

Bdetstatsl

‘
H
e
S
SRt
RS

ul

o

T 000
St
R
taetetitytss
SR

0
ey
e
St
G

%
e
o

25
et letetet

3R
:.:.000
oot

XX
54

L
%
e
o
e
o

25
el

coosc]

!
2
2%
Stetetatet
GRS
S

e

!
o
tetste!
S
S

’0
<
oS

!

i
KB,
shoens
ShStiites

2505

1. Baseline
2. SNCR
3. AR-Rich
4. MIAR

5. Reb.+SNCR
6. AR-Lean
7. Reburning

Figure 7.26 CO and N,O emissions for AR technologies.

NH; and HCN Emissions
NH3 and HCN emissions were measured by EPA Draft Method 206, using ion chromatography

analysis. Results are shown in Figure 7.27. NH3 emissions were fairly high (>40 ppm) for the two
SNCR conditions, but were below 5 ppm for all other conditions (including MIAR). HCN emissions
were below 2 ppm for baseline coal and all AR test conditions. Thus AR-Lean, AR-Rich, and
MIAR generate significantly lower NH3 emissions than does SNCR under similar conditions. These
results would appear to indicate that as long as the N-agent(s) are added with or upstream of the
OFA, NH3 and HCN emissions can be minimized. For the SNCR cases, it is believed that a higher

reagent injection temperature would reduce NH3 emissions.
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Main Fuel: Illinois Coal @ 705,000 Btu/hr
SR1=1.10, SR3=1.15
NQi=1000 ppm as measured
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Figure 7.27 NH3 and HCN emissions for AR technologies.

SO3 Emissions

SO3 emissions can impact electrostatic precipitator performance and, if present in high concentrations,
cause boiler corrosion problems. SOz emissions were measured using the controlled condensation
method, as detailed in the EPA’s “Process Measurement Procedures - Sulfuric Acid Emissions”
(1977). The sample probe was operated at a temperature of 590 K. Figure 7.28 shows SOs test
results. The SO3 concentration for baseline coal firing was about 2 ppm. For each of the NOy
control technologies, SO3 remained below 3 ppm. It is concluded that none of the technologies

cause a significant increase in SO3 emissions.
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Main Fuel: lllinois Coa @ 705,000 Btu/hr
SR1=1.10, SR3=1.15
NOi=1000 ppm as measured
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Figure 7.28 SOj3 emissions for AR technologies.

Particulate Size Distribution

Fly ash particle size can affect dust control equipment efficiency as well as causing respirability
and health considerations. Particulate size distribution was measured using a cascade impactor.
Figure 7.29 shows fly ash distributions for each of the seven test conditions. Fly ash mass mean
diameter was between 8 and 11 microns for each condition. The AR technologies did not appear to

significantly alter overall size distribution.
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Main Fuel: lllinois Coal @ 705,000 Btu/hr
SR1=1.10, SR3=1.15
NQi=1000 ppm as measured
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Figure 7.29 Fly ash size distribution.

Particulate Loading, PM 10, and PM2.5
PM10 and PM2.5 are defined as the fraction of fly ash material of diameter less than 10 and 2.5

microns, respectively. EPA Method 5 and cascade impactors were used to determine total particle
loading, PM10, and PM2.5. Results are shown in Figure 7.30. Total particulate loading was 2.0 gr/
dscf for baseline coal firing, and ranged from 1.8 to 2.3 gr/dscf for the different NOy control
technologies. PM10 was about 1.1 gr/dscf for baseline coal firing, and ranged from 0.9 to 1.2 gr/
dscf for the different technologies. PM2.5 was about 0.21 gr/dscf for baseline coal firing, and
ranged from 0.17 to 0.32 gr/dscf for the different technologies. These results would appear to
indicate that the AR NOy control technologies do not significantly impact particulate loading, PM 10,
or PM2.5.
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Main Fuel: Illinois Coal @ 705,000 Btu/hr
SR1=1.10, SR3=1.15
NOi=1000 ppm as measured
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7.30 Fly ash total loading, PM 10, and PM 2.5.

Carbon in Ash

Poor carbon burnout can adversely impact boiler thermal performance, along with the commercial
value of collected fly ash. Fly ash is generally salable to the construction industry if it contains less
than 5% carbon. Ash samples were collected from the BSF convective pass using a volumetric
sampler and were analyzed for carbon in an induction furnace. Figure 7.31 shows carbon in ash
results. For all conditions, carbon in ash was well below 1%. Thus it is concluded, based on these

tests, that the AR technologies do not significantly decrease carbon burnout.
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Main Fuel: Illinois Coal @ 705,000 Btu/hr
SR1=1.10, SR3=1.15
NOi=1000 ppm as measured

w
! !

Carbon in Ash (%)

N
! !

o
7]
7
L
4. MIAR Z
1
B
1
M

1. Baseline
2. SNCR
3. AR-Rich

). Reb. + SNCR
6. AR-Lean
7. Reburning

Figure 7.31 Carbon in ash results.

7.4 Pilot Scale Combustion Tests: Conclusions

In summary, the parametric tests showed that the AR technologies are able to provide effective
NOx control for a high-sulfur coal fired combustor. Three technologies were originally envisioned
for development: AR-Lean, AR-Rich, and MIAR. Along with these, three additional technologies
were identified during the course of the testing: Reburning plus SNCR, AR-Lean plus SNCR, and
AR-Rich plus SNCR, where SNCR performance can be enhanced by addition of promoters.

Sodium was found to significantly promote performance more effectively during gas firing than

coal firing. A possible reason for this is interaction of sodium compounds with fly ash, as well as

reaction with SO, or HCI to form sodium sulfite, sodium sulfate or sodium chloride. Nevertheless,
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even for high sulfur coal sodium was found to significantly improve performance when added at

150 ppm, which is a manageable level for most utility boilers.

Maximum NO reductions achieved by the promoted AR technologies during gas and coal firing

were as follows:

Gas firing Coal firing

. AR-Lean: 95% 90%
. AR-Rich: 96% 93%
. AR-Lean + SNCR:  98% 94%
. AR-Rich + SNCR:  97% 93%
. MIAR: 98% 95%

These technolgies have different optimum reburn heat input levels and furnace temperature
requirements. For full scale application, an optimum technology can be selected on a boiler specific

basis depending on furnace temperature profile and regions of injector access.

In terms of byproduct emissions, in some cases CO was observed to increase when sodium was
added. This may be due to chain reactions involving sodium compounds, H atoms and OH radicals
which allow CO to escape oxidation. However, it was found that CO could be controlled by increasing
the OFA injection temperature. Emissions of N>O and NH3 showed the potential to increase under
low-temperature SNCR conditons. Adding the second N-agent at higher temperature was found to

minimize these emissions.

In summary, the promoted AR technologies demonstrated the ability to readily achieve NO reductions
of 95+% during gas firing and 90+% during coal firing. Byproduct emissions were found to be
manageable. Additional test work could be performed to further optimize variables such as N-
agent stoichiometric ratio and additive-furnace gas mixing requirements, as well as to provide

scale-up data for utility boiler application.
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8.0 MECHANISM DEVELOPMENT AND KINETIC MODELING

The objective of this task is to develop a kinetic analytical model of the Advanced Reburning
technologies. A high temperature reaction mechanism has been developed for use in this model,
based on a standard natural gas combustion model (GRI-Mech) combined with nitrogen chemistry
as well as reactions of sodium, sulfur, and chlorine. The chemical kinetic model has been implemented
using chemical kinetics codes CHEMKIN-II and SENKIN, developed at Sandia National
Laboratories, and EER’s One Dimensional Flame (ODF) code. The experimentally validated model
is used as a tool to investigate the process analytically.

The chemical kinetic model has been applied to an expirimentally feasible range of conditions,
with appropriate variations in controllable conditions including initial species concentrations,
temperature, and residence time. Rate constants fo the reactions in the mechanism have not been
varied, and the model does not describe quantitatively the experimental data. However, the predicted
exit concentrations do provide qualitative insight into expected performance trends. The predicted
species histories also provide insight into internal details of the process which are not readily
measured. In addition, sensitivity analysis has been applied to selected cases to identify the relative
importance of specific reactions in the process as modeled. The mechanism development and
modeling has extended the understanding of AR and provides a tool for future development and
implementation of the process.

8.1 Mechanism Development

A high temperature kinetic mechanism has been developed and tested to model the AR systems
process. This mechanism includes reactions of C-H-O species applicable to both rich and lean
combustion chemistry. It also includes N-containing species reactions reflective of variations in
stoichiometry (reburning), and the effect of additives (N-agents and/or promoters) on the species
pool. To model the effect of promotion, the most important reactions of Na-containing compounds
have been analyzed and incorporated. In addition, reactions of S- and Cl-containing compounds
have been included to assist in future modeling of AR processes applied to coal combustion.

The resulting mechanism, which has been used in modeling, is presented in Appendix 1. The reaction
numbers assigned there are used througout this section for reference. Reversible rate data also
requires thermodynamic properties for the participating species. To complete the description of the
model mechanism, the thermodynamic database is presented in Appendix 2.
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8.1.1 GRI-Mech

GRI-Mech (Bowman et al., 1995, and Frenklach, et. al., 1994) was selected for the basic C-H-ON
mechanism as it represents the current industry standard in natural gas combustion chemistry. The
mechanism includes the elementary chemical reactions, the rate coefficients and parameters
describing the thermodynamic properties of the included species. The basic combustion mechanism
has been validated extensively against available experimental data, listed in the cited references.

The most current version as of the initiation of the modeling task is version 2.11, which contains
276 reactions with 49 species containing C, H, O, N, as well as Ar as a third body species. These are
presented in Appendix 1 as reactions 1-278 (two duplicate reactions being added for compatibility
with the kinetics software). Version 2.11 is an extension of the earlier Version 1.2, which was
optimized specifically for accurate prediction of C, H, O combustions, in particular natural gas
flames and ignition, with nitrogen included only as inert e nitrogen chemistry introduced in
versions 2.11 is optimized specifically for natural gas flames and reburning. GRIMech by itself has
not yet been optimized for other N@ontrol technologies. The authors also caution that the
agreement with nitrogen chemistry and reburning data is not as close as for C-HO chemistry, and
therefore is subject to further development. Nevertheless, this mechanism represents the state of the
art in these aspects of nitrogen chemistry, representing a significant improvement over previously
published mechanisms such as Miller and Bowman (1989).

Due to these limitations in the current GRI-Mech, additional nitrogen reactions must be incorporated
to obtain a mechanism capable of predicting AR processes which extend beyond conventional
reburning, such as the SNCR chemistry inherent in N-agent addition.

8.1.2 SNCR Reactions

The analysis of available kinetic information resulted in preliminary selection of two reaction
mechanisms for modeling the chemical behavior in the C-H-O-N system. Both mechanisms are
based on GRI-Mech, with SNCR reactions added from other sources. The selection process is
described in further detail in Zamansky and Maly (1996a).

Two variants of the C-H-O-N mechanism, denoted here as A and B, were considered. Mechanism
A includes all GRI-Mech Version 2.11 reactions and reactions selected from the SNCR scheme
suggested by Bowman, 1996. Mechanism B consists of the C-H-O system of GRI-Mech-1.2, N-

chemistry reactions proposed by Glarborg et al., 1993, and reactionsrafii@dls with nitrogenous
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species (“C-N chemistry”) selected from GRI-Mech Version 2.11. Either scheme could be considered
to be state of the art for C-H-O-N chemistry modeling.

The two selected mechanisms include the complete GRI-Mech Version 1.2, which was verified by
its authors against multiple C-H-O experimental data from various sources. The N-chemistry from
GRI-Mech-2.11 and the Glarborg’s N-mechanism were also verified against experimental data on
reburning. However, because both mechanisms were broadened to include SNCR submechanisms,
they required verification associated with the SNCR nitrogen chemistry. Calculations were performed
based on available experimental data for the Thermal DeNOx process. Two sets of experiments
were selected for comparison with modeling:

1. Laboratory-scale data presented by Lyon and Hardy, 1986. Conditions: flow system tests,
variation of reactor temperature, residence time 0.1 s. Mixture composition: 225 ppm NO -
450 ppm NH - balance He.

2. EER’s recent pilot-scale experimental data. Conditions: BSF natural gas combustion tests,
variation of NH injection temperature, quenching rate 167 K/s. Flue gas composition: 200
ppm NO - 300 ppm NH 3.8% Q (dry measure) - 8% CO 15% HO - balance Iy

The CHEMKIN-II kinetic program developed at the Sandia National Laboratories (Kee et al., 1991)
was used for modeling. Figure 8.1.1 demonstrates comparison of the experimental results and
modeling by the use of the mechanisms A and B. Although both mechanisms show some difference
from the experimental data and there is a shift in temperature, they both qualitatively model the
temperature window of the Thermal DeNOx process. The differences can be explained by the
values of rate constants, by errors in experimental temperature measurements, and by influence of
mixing effects on NO removal. Calculations with both mechanisms were performed without any
adjustments in rate constants taking into account an actual BSF temperature profile. Both models
gualitatively described the most substantial feature of the SNCR process: the temperature window
of NO reduction. However, this validation also shows that differences in quantitative comparison
of modeling and AR experiments are to be expected.

Since both mechanisms show about the same performance in modeling experimental data, it is
difficult to prefer one of them. Mechanism A was selected for further calculations since it includes
less constituent parts (sub-mechanisms) and all of them were suggested by the same group of
authors. The SNCR reactions which are added to GRI-Mech 2.11 are included in Appendix A as
reactions 279-312.
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8.1.3 Reactions of Sodium

Experimental data demonstrate that the addition of sodium compounds, such as sodium carbonate
and sodium hydroxide, can increase reburning efficiency. However, the high temperature chemistry
of sodium compounds is not well understood. Only a few rate constants have been measured
directly, and kinetic information on many reactions is absent. However, estimates are available for
several other rate constants.

Sodium carbonate was used as a promoter in most CTT and BSF experiments. It was also shown
that sodium hydroxide has about the same efficiency as sodium carbonate. When sodium carbonate
is injected into flue gas, it decomposes into oxides. The mechanisp@DiNaermal decomposition

and the corresponding rate constants are the subject of an experimental task at the University of
Texas, as documented in Section 5.

Most likely, sodium carbonate dissociates at high temperatures to different oxides. The oxides react
with water molecules which are available in flue gas to form sodium hydroxide. The specific reactions
considered here (numbered corresponding to Appendix 1), based on the University of Texas study,
are:

NapCOz3 - NapO + CO (317)
NaO + CO - NapCOs (318)
NaoO + CQ <=> 2 NaOH (319)

The conversion from N&O3 to NaOH is rapid, and it is most likely the reason for the equal
promotion efficiency of N28COs and NaOH.

Since the modeling effort was conducted in parallel with the University of Texas experimental
effort, it was necessary to develop the modeling mechanism based on preliminary estimates of the
reaction rates. For this reason, the rate constant used in modeling for Reaction 319 may not exactly
match those reported for the experimental task (Section 5). For this reaction, rate expression used in
modeling was 1.00E13 exp(+35390/RT), rather than the later experimental result of 9.18E12 exp(-
3120/RT), which is now recommended. However, both versions of the rate constants predict rapid
initial conversion of NgCOs to NaOH for example. The estimated rate constants in the model
mechanism result in a characteristic decay time of 3 ms at 1400 K, while the University of Texas
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rate constants predict less than 1 ms. In either case, the rates are sufficiently fast that the difference
is not considered to be serious.

The additional 23 reactions (320 through 342) of sodium compounds with C-H-O-N species consider
the reactions of NaOH and its decomposition products. The source for rate constants and expected
behavior of some of the reactions follows:

* Reaction 320 is the most important for removin@Nrom flue gas. The rate constants for
reaction 320 are from Plane, 1992, but several measurements of the rate constant agree rather
well with each other (Mallard et.all994).

* Reactions 321-324 are important steps of NaO interaction with @, NO and H Rate
constant of these reactions have been measured; Reactions 321 and 324 rates are from Ager
and Howard (1987), Reaction 322 from Plan and Husain (1986), and Reaction 323 from Ager
et al. (1989).

* Reaction 325 represents oxidation of Na atoms by molecular oxygen. The rate constant of this
reaction was measured several times and the most reliable value (Plane and Rajasekhar, 1989)
was selected. Reaction 326 can be important fr lémoval under fuel rich conditions. If
the reaction proceeds as written to form Na atoms, they will react withvid reaction 320.

If reaction 320 is faster in reverse direction, it will be not effective.

» Reaction 327 is probably important for defining the processes of radicals formation and
removal. Indeed, if the recombination reaction 327 of sodium atoms and hydroxyl radicals is
fast enough, the efficiency of the promoter will be low. Measurements by Jensen and Jones,
1982 were accepted as rate constants for reactions 327 and 328.

» Other reactions of sodium, 329-341, were recently estimated by Perry and Miller, 1996.

» Reaction 342 represents a process of sodium-ammonia interaction. It was observed in experi-
ments that sodium promoters are effective mainly in the presence of N-agents. However, no
kinetic data on sodium-ammonia interaction was found in the literature. The rate constant was
estimated to be close to the collision frequency.

To complete these mechanism enhancements, the thermodynamic database was updated to include
the thermodynamic data for the sodium compounds. The value of the Har@ energy was
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selected to be P= 37.2 kcal/mol as was determined theoretically by Partridge et al., 1992 and
recommended by Perry and Miller, 1996.

Additional sodium reactions include interactions with sulfur-containing species (reactions 343
through 346) and chlorine-containing species (374 through 350).

8.1.4 Reactions of Sulfur and Chlorine

It has been found that sodium promoters are less effective in flue gas from coal combustion flue gas
compared to that from natural gas. Coal includes sulfur and chlorine compounds which can react
with sodium, decreasing its efficiency. The submechanisms for reactions of S- and CI- compounds
with Na-O-H species have been added to the mechanism for future modeling of the effect of sulfur
and chlorine compounds on reburning efficiency and to understand the chemistry of sodium
promotion under different conditions. All selected reactions are presented in Appendix 1 as reactions
312-316 and 343-355.

Rate constants for S{30s reactions, 312-316, were taken from the literature review by Atkinson

et al., 1992 and direct measurements by Armitage and Cullis, 1971 (for reaction 312) and Smith et
al., 1982 (for reaction 316). Though many kinetic measurements of these reactions were reported
in the literature, most of them were performed at relatively low temperatures, mainly below 400 K.
Therefore, there is a significant uncertainty in high temperature kinetic dataf&Cgteraction.

Reactions 343-346 represent interaction of sodium and sulfur compounds. Reaction 343 was
suggested by Fenimore, 1973; the rate constant for this reaction was estimated to Béekp= 10
(-17700/T) crd/mols where the activation energy is equal to the reaction endothermicity. A single
rate constant measurement for reaction 344 was reported by Shi and Marshall, 1991. Rate constants
for reactions 345 and 346 were assumed to be close to that measurement.

During the combustion process, most chlorinated compounds are converted into HCI. Therefore, to
model the effect of chlorine on reburning efficiency and Na promotion, it is logical to perform
modeling using the initial concentration of HCI in flue gas corresponding the amount of chlorine in
coal. For this reason, chlorine reactions have been added which address the reactions of HCl and its
products.

Nine reactions of chlorine were included in the mechanism. The first four, 347-350, represent the
reactions of sodium compounds (Na, NaO, Nagdd NaOH) with HCI. All these reactions are

8-7



fast, and available experimental measurements of the rate constants were selected (Silver et al.,
1984; Husain and Marshall, 1986; DeMore et al., 1987; and Silver and Kolb et al., 1986, respectively).
Five other chlorine reactions, 351-355, include the well known steps-bf,Ghteraction. Their

rate constants were taken from kinetic tables by Baulch et al., 1981.

The thermodynamic database was updated to include data for the sulfur and chlorine
containingcompounds. Thermodynamic data for NaB8&re calculated by using the Na-Sand

energy 3 = 47.1 kcal/mol defined by Steinberg and Schofield, 1990. This value corresponds to the
heat of formation of NaS9OAH; o = -92 kcal/mol.

Thermodynamic analysi$o verify which species are important to include in the sulfur and chlorine
mechanisms, an analysis of equilibrium flue gas compositions was performed. This predicts the
species concentrations if the thermodynamic state of the gasgmperature, pressure) were held
uniform indefinitely. Although actual conditions are far from invariant, the analysis is still useful.
Species participating in reactions which are fast relative to the rate of change in temperature (e.g.
natural gas combustion) may establish a partial equilibrium in the mixture, and thermodynamic
analysis can indicate the relative amounts to expect. Furthermore, products which are favored
thermodynamically are important to include in the reaction mechanism so that all likely products
are considered.

The calculations were performed using the latest version of the NASA Chemical Equilibrium
program, CET93 (McBride et al., 1994). To ensure that all potentially important species are
considered, the completeness of the code’s species database (which identifies species to consider
and their thermodynamic properties) is crucial. The standard CET93 database includes over 1000
compounds mostly from the JANAF tables, including combustion products as well as alkali metals.
EER has extended this by adding data from other sources, including the Barin (1989) tables and
current research at Lawrence Livermore National Laboratories (Ebbinghaus, 1993). Several metals
and radionuclides are thus incorporated, as well as their oxides, hydroxides, oxyhydroxides, chlorides,
metal-sulfur compounds, and other species. A list of sodium compounds included in the updated
CET93 thermodynamic database, and sample properties, is presented in Appendix 3.

CET93 was used to predict concentrations of sodium compounds in the reburning and overfire air
zones at various conditions, including different temperatures, stoichiometries, quantities of sodium,
and the presence of sulfur and chlorine. Equilibrium was calculated for each composition for a
range of temperatures from 1100 to 1900 K. Zamansky et al. (1997a) provides further details of the
calculations.



For stoichiometric ratios ranging from 0.9 to 1.25, with 10 ppm Na in the mixture, the most favored
sodium species are NaOH and Na, with all other sodium species at less than 0.1 ppm. The same
species dominate with 50 ppm Na at an SR of 0.99. The major species as a function of temperature
are shown in Figure 8.1.2(a) for 10 ppm Na and SR=0.99. When 2000 ppisiS€uded in this

mixture, the presence of sulfur does not result in formation of significant amounts of sodium sulfate
over the temperature range considered, as shown in Figure 8.1.2(b). HoweS€Y, iNereases as
temperature is reduced and could be significant in modeling the interaction between sodium and
sulfur. If 50 ppm Clis included instead of sulfur, sodium chloride becomes the most stable sodium
compound, as shown in Figure 8.1.2(c). It must be cautioned, however, that thermodynamic data
for gaseous sodium salts are not considered reliable, and so these results should not be considered
conclusive without future validation. Nevertheless, these results establish NaOH 8@y Biad

NacCl as potentially important species in a C-H-O-N-Na-S-Cl mechanism. Appropriately, reactions
involving these species have been included in the current mechanism.

8.1.5 Mechanism Development: Summary

The mechanism developed based on the above considerations consists of 355 reactions and 66
species. It has been developed based on the best existing data for mechanisms and individual reactions
as of the time of its development. The core of the mechanism is based on the industry standard for
natural gas combustion and reburning, GRI-Mech 2.11. The mechanism was then extended to include
reactions for the prediction of N-agent chemistry.

The resulting C-H-O-N mechanism was further extended to include Na compounds in order to
model processes involving sodium carbonate or sodium hydroxide promoters. The sodium reactions
were developed in parallel with the experimental effort at the University of Texas.

The addition of sulfur and chlorine reactions enable predictions of the behavior of promoted AR in
coal combustion. Thermodynamic analysis shows that the most significant species for interaction
of S and CI with with Na have been included. The rates for reactions involving S and CI species
were estimated based on published data, and have not yet been tested against experimental results.

8.2 Modeling with Instantaneous Mixing Times
Initial modeling focused on the chemistry of individual AR processes after premixing the combustion

gases with the reactant stream being introduced. This approximation represents instantaneous mixing
of the reactants, thus removing the details of the physical mixing process from the model. Once
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premixed, the reactions proceed along a one-dimensional (plug flow) reactor, which again allows
the reactions to proceed in time without any fluid dynamic effects. Thus, this approach focuses on
the chemistry of the process.

Individual AR injection processes include reburning, N-agent injection in the reburning zone
(ARRIich) or with OFA (AR-Lean), addition of promoters with the N-agent, and OFA addition.
Each injection involves different parameters which affect its performance. One of these parameters
is the location of injection, characterized either by time from the point of reburn fuel or OFA
injection, or by temperature at the point of injection. Another is the amount of added reactants,
characterized by concentration, stoichiometric ratio following addition (for fuel or air addition), or
NSR (for N-agent addition).

In these modeling studies, the reburning fuel is;,GHe N-agent is NgJ and the promoter is
NaxCOs. In all cases the pressure is held constant at 1 atm. The temperature profile was specified at
a constant quench rate of 300 K/s, reflective of the actual reburning zone environment in the BSF.

The CHEMKIN-II kinetic program developed at the Sandia National Laboratories (Kee et al., 1991)
was used for most instantaneous modeling. CHEMKIN-II is used to predict the kinetic curves of
major components in the reaction zone (concentration vs. time) for comparison with experimental
data. However, the kinetic curves do not provide information about the importance of specific
elementary reactions with respect to increasing or decreasing concentrations of certain components.
The next step, sensitivity analysis, was done to obtain this information. Sensitivity analysis is a
procedure to quantitatively determine the dependence of the model solution on the elementary
reaction rate constants. It provides insight about how important certain reactions are to the model’s
predictions. The sensitivity analysis was performed with the use of the SENKIN code developed by
Sandia National Laboratory (Lutz et al., 1987). SENKIN is a FORTRAN computer program for
predicting the species and temperature histories and for calculating the first order sensitivity
coefficients of each species with respect to the elementary reaction rate parameters.

In addition to species mole fraction histories (kinetic curves) which are also available from Chemkin-
II, Senkin provides information about contribution and sensitivity factors. Contribution factors for

a selected species show the effect of elementary reactions with participation of the species on its
concentration. Sensitivity factors for a selected species show the effect of each elementary reaction
in the mechanism on the concentration of the species.



The chief difference between these two parameters is that contribution factors show the direct
influence of specific reactions on a given species. Sensitivity factors show indirect influences hidden
in the complex reaction mechanism, to show how a change in the rate for a given reaction would
affect the production or removal of a given species. Both measures are important. While contribution
factors show the reactions directly involved in formation and destruction, often groups of reactions
work rapidly and in opposition to each other, masking the net influence of another reaction which is
driving them. Sodium promotion, in which injected sodium species significantly affect NO but
have very little direct interaction with it, is an example of a process where sensitivity analysis is
particularly useful. By ranking reactions with respect to these factors, the most important direct and
indirect influences on a given species can be determined, along the length of the reactor.

The contribution factoc; k is defined as the contribution of reaction i to the net production rate of
species k at a given instant, and may be calculated as:

Cik = Vk,i i

Vi is the net stoichiometric coefficient of species k in reaction i (the number of molecules of
species k on the right side of the reaction minus the number of molecules on the left side, the net
number of molecules of k produced as the reaction proceeds to the rigbthegate of progress
variable, calculated as:

G = Kei M Dxid Vi - Kei T [Xidv' &

where k; is the forward rate constant ang ik the reverse rate constant for reactiofn; &nd V i
are the stoichiometric coefficients of species k on the left and right hand side of reaction i, respectively,
and x is the mole fraction of species k. Note thatv v’ i -V i.

The sensitivity of species k to reaction i is defined as

(dxc / dA) (Ai 1 Xk max)
where A is the frequency factor from the Arrhenius rate expression for reaction ixangisthe
maximum value of xover all points in time which are processed by Senkin. (In other words, the

normalizing value of kmax iS Somewhat dependent on the timestep resolution of the Senkin
calculation if the species undergoes a very rapid transient).
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The histories of concentration, contribution factors, and sensitivities provide information useful
for understanding chemistry of the processes under investigation. This is a valuable tool in optimizing
NO removal while ensuring that other emissions such asrbitdain low.

8.2.1 Modeling of the Basic Reburning Process

Stoichiometric ratio SRin the primary zone was kept at SR.1 for all calculations. This §R
corresponds to methane combustion with the following mixture composition:

8.72% CH - 19.18% Q - balance M

If the combustion process in the primary zone is complete, it generates about,88dCT5%
H>O. At the same time, 1.74%,@ left which is available for oxidation of the reburning fuel.
Therefore, the premixed reactants for reburning can be described as:

[CH4] - 1.74% Q - 600 ppm NO - 8% C©- 15% HO - balance B

where [CH)] is the molar percent of reburning fuel. For example, {Jd811.94% for reburning
zone stoichiometry SR0.90, 1.37% for SR=0.95, and 0.967% for SR0.99.

An initial NO concentration NO= 600 ppm was used for calculations. Figures 8.2.1-8.2.3
demonstrate concentration profiles of main species in the reburning zone at an injection temperature
T1=1700 K and SRequals 0.99, 0.95, and 0.90, respectively. Comparison of these graphs shows
that CH; is rapidly converted to CO ancbHOnly at SR=0.90, about 300 ppm GHss present in

the mixture. At SR=0.99 and 0.95, the amount of ¢id lower than 1 ppm.

At SRy, = 0.99 (Figure 8.2.1), NO concentration drops during a very short period of time from 600
ppm to about 540 ppm and then, slowly decreases to 502 ppm. ConcentratiogaotiNHCN are
lower than 1 ppm, though some {3 still present.

At SR, = 0.95 (Figure 8.2.2), oxygen disappears within 0.05 s, anglddHcentration slowly
increases. NO again rapidly drops to about 430 ppm and decay slowly to 330 ppm. Total Fixed
Nitrogen (mole fraction of N in species other thag Bpproximated by NO+Ng+HCN) is a
measure of the total unreacted nitrogen in the mixture. In this case, TFN concentration is 332 ppm
by 0.5 s.
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At SR,=0.90 (Figure 8.2.3), NO rapidly and more efficiently decreases from 600 to 160 ppm, and
then slowly to 67 ppm. However, in this case, the mixture contains 75 ppm HCN and 115 ppm NH
att=0.5s. Hence, TFN equals 257 ppm.

Chemistry at Short Time Scal@$e results show that there are two steps of NO reduction in the
reburning process: the first very fast step and the second slow step. The cause of these fast and slow
decreases in NO concentration is of primary interest for understanding the reburning phenomenon.
To clarify the main processes in the fast NO reduction zone, calculations were carried out over a
reaction time interval of 5 msec for SR 0.99 and 0.90. Figures 8.2.4 and 8.2.5 represent the
results.

Figure 8.2.4 demonstrates kinetic curves in the reburning zone at®89, T = 1700 K, and t =

5 ms. The NO concentration has a little minimum at about 2 ms. This minimum is explained by
reactions of NO with C-containing radicals: €H,, HCCO, CH(S), CH, and C. The radicals

are formed from CHK which, in turn, is formed from CH The radicals participate also in
recombination reactions with each other and in reactions with oxygen and other species. As a result
of these processes, concentrations of the radicals increase within 2 ms, and then, sings all CH
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Figure 8.2.4. Kinetic curves in the reburning zone atSR99, T = 1700 K, and t =5 ms.

consumed and there is no more feed, the concentration of C-radicals reduces, due to recombination
and oxidation, by several orders of magnitude. Concentrations of HCN arisBlsimultaneously

with C-radicals because HCN and plEre the main molecules formed due to reactions of the
radicals with NO. At about 2 ms, both HCN and{\#tle oxidized by existing oxygen into NO.
Therefore, the NO concentration slightly increases. It is of interest to note that concentrations of
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CHz and HCCO reach 8-9 ppm, though CH concentration does not exceed 0.1 ppm. Main reactions
of NO removal can be compared by considering their rates at the maximum point of radical
concentrations. Table 8.2.1 presents the NO reactions with C-radicals and their rates in arbitrary
units at 2 ms.

This comparison shows that HCCO radicals, followed by @idicals, are the most important
species depleting NO concentration. Thus, the reactions of HCCO anaditals are dominant
pathways (in the scope of the assumed mechanism) for NO consumption during the initial fast NO
removal after reburn fuel injection under the conditions examined.

Table 8.2.1. Comparison of NO reaction rates with C-radicals gt @9, 1=1700K and
t=2ms.

C- Reaction Ratg, Total rate, Rank
radical arb.[units al u.
C C+NO=CN+O0O 1 2.6 6
=CO+N 1.6
CH CH+NO=HCN+O 25 51 4
=H+ NCO 10
=N+ HCO 16
CH> CH, + NO=H + HNCO 560 900 2
= OH + HCN 140
=H+ HCNO 200
CHx(S)| CHx(S) + NO =H + HNCO 14 22.6 5
= OH + HCN 3.6
=H + HCNO 5
CHs CH3z + NO = HCN + HO 71 76.6 3
=N + OH 5.6
HCCO | HCCO + NO =HCNO + CO 186( 1860 1

Figure 8.2.5 shows kinetic curves in the reburning zone within first 5 msyat @80 and T =

1700 K. NO concentration decreases from 600 to 165 ppm, and this is explained by reactions of
NO with the same C-containing radicals. Concentrations of the radicals also have a maximum, in
this case at about 3 ms, but they are removed not so rapidly sigo@@ientration is much higher,

and the source of the radicals (£&hd CH) still exists within 5 ms. Concentrations of HCN and

NH3 again rise simultaneously with C-radicals, but, in this case, HCN anrdaMHalmost not
oxidized since @concentration drops rapidly (only 1 ppm €Xists in the mixture in 30 ms).
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Figure 8.2.5. Kinetic curves in the reburning zone atSR90, T = 1700 K, and t =5 ms.

Analysis of reaction rates for the NO reactions with C-radicals at®F00 has been performed at
the maximum point of radical concentrations (3 ms). The same conclusion can be made as for
SR,=0.99: the primary NO-removing radicals in decreasing order of importance is HCGO, CH

CHs, CH, CH(S), and C.
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Dependence on Reburn Zone Stoichiomdtrgure 8.2.6 compares modeling and experimental
data on concentrations of NO, NHHCN, and TEN in the reburning zone (t = 0.5 s)at 1700 K

for different reburn fuel concentrations (variougBSR he main difference between the experimental
and modeling data sets is observed at low\Bfiere modeling predicts higher NEoncentration,
but experiment demonstrates higher HCN level.

However, at SR= 0.90-0.99, experimental and modeling concentrations are close to each other. It
worth noting that experimental data can, of course, be affected by the rate of mixing. For this
reason, mixing rates will be introduced as a variable in Section 8.3. However, Figure 8.2.6
demonstrates the current level of confidence in kinetic mechanisms developed for modeling of
reburning. Even for the simplified treatment of mixing, the model can predict major reaction trends
and can help to find prospective conditions of NO removal, for verification by experiment.

Dependence on Reburn Fuel Injection Temperateigure 8.2.7 compares performance of the
reburning process at different temperatures for S99, 0.95, and 0.90. Under conditions close

to stoichiometry, SR= 0.99, concentrations of Ntnd HCN in the reburning zone are less than 1
ppm, and all TEN is in the form of NO. TFEN concentration in the reburning zone is decreased by
20-30%, and it is smaller at lower temperatures where C-radicals exist longer. Since they do not
disappear too fast, more C-radicals are available for the reactions with NO. For instance, as shown
in Figure 8.2.4, the first, fast reburning stage proceeds within 5 ms at T = 1700 K, mainly within 2
ms. At 1500 K, C-radicals do not disappear so fast, and the first stage proceeds longer, within about
20 ms. As aresult, NO concentration drops in this fast stage from 600 to 535 ppm at 1700 K, but at
1500 K the process is more efficient: NO decreases from 600 to 450 ppm.

At SRy, = 0.95 (Figure 8.2.7), only small amounts of \thd HCN are formed at about 1500 K,

and most of TFN exists in the form of NO. TFN concentration again lower at low temperatures, and
it is within 40-65% TFN reduction range. At F 1500 K, the fast reburning stage proceeds in
about 30-40 ms, much slower than at 1700 K (5 ms). The slower reactions of C-radicals cause more
efficient first reburning stage: NO concentration decreases from 600 to 475 ppm and from 600 to
300 ppm at 1700 and 1500 K, respectively.

At higher reburn fuel injection rate (Figure 8.2.7 ,SF0.90) most of NO is converted to KEnd

HCN. Efficiency of TFN removal is 20-55%, and, in the contrary to the previous cases, TFN
removal is more efficient at higher temperatures. Explanation of this effect is straightforward. At
SR, = 0.90, the efficiency of NO removal continues to increase, as seen in Figure 8.2.7, and NO
level is smaller at low temperatures. However, concentrations gaNéHHCN are much higher
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than NO, and they decrease at higher temperatures since they react faster. Therefore, TFN decreases
at T =1700 K.

Thus, modeling shows that at higher reburn fuel mass flow ratesaiS&bout 0.90), higher
temperatures results in higher efficiency of TFN removal. At lower injection rates(&B50.99),
reburning efficiency is higher at lower temperatures.

Sensitivity Analysis at $R0.99. Sensitivity analysis was performed for reburn fuel injection at
1700 K, for SB=0.99 and 0.90, to better understand the important reactions for these conditions.
The following is a summary of the reburn zone analysis. A more detailed analysis appears in
Zamansky et al. (1997a). Results for,S®99 will be addressed first, followed by those for
SR=0.90.

The kinetic curves for SR0.99 are presented in Figure 8.2.1. As previously discussed, there are
two regions of NO reduction: the initial fast decrease (from 600 to 540 ppm) which lasts for a very
short period of time (about 2-3 ms), followed by a slow decrease (to 502 ppm). Figures 8.2.8 and
8.2.9 present reactions which contribute to NO reduction during the fast and slow NO reduction
regions, respectively. (In these and other plots which follow, some curve labels overlap near the y-
axis. Note that the reactions of interest are those with large positive or negative contribution or
sensitivity factors; it is not important to read values close to the axis.) The most important steps of
NO reduction in the fast region (Figure 8.2.8) are reactions (273) and (248):

HCCO + NO = HCNO + CO (273)
CH, + NO = H + HNCO (248)

Simultaneously, some HNO and M@re formed which can contribute to both NO formation

H+NO+M=HNO +M (-211)
HNO + H=H, + NO (213)
HNO + OH = NO + HO (214)
NO, + H=NO + OH (188)

and NO reduction via reaction (211) and (186):

NO + 0O +M=NQ+ M (186)
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Figure 8.2.8. NO contribution factors at SR = 0.99 in the fast NO decrease region.
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Figure 8.2.9 NO contribution factors at SR = 0.99 in the slow NO decrease region.
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Reactions (211) and (186) are mainly responsible for the slow NO decrease as shown in Figure
8.2.9. The NO decrease is slow since these reactions compete with NO formation via (188), (213),
and (214).

Figures 8.2.10 and 8.2.11 show sensitivity coefficients for NO formation and reduction in the
reburning zone with SR0.99 in the fast and slow NO reduction regions, respectively. Figure
8.2.10 clearly demonstrates that the chain branching steps

H+0,=0 + OH (38)
CHz+ O, = O + CHO (155)
2 CHg=H + GHs (159)

are responsible for the boost of radicals. In these reactions, each H atomzaradliC#l forms
several active species. Reaction (159) is also a chain branching stepkigices@ntly decomposes

into GH4 and H. The increased radical pool generates carbon-containing radicals (HCCO and
CHy) which reduce NO via reactions (273) and (248).

Figure 8.2.11 shows that two reactions

N+NO=N+0O (177)
and NH+NO=NO+H (198)

primarily contribute to NO removal in the slow region. Reaction (177) competes with reaction

N + OH = NO + H (179)

Interestingly, the major chain branching step, reaction (38), behaves differently in the fast and slow
reduction regions. In the fast region, this reaction supports formation of the radical pool and increases
concentrations of carbon-containing radicals, such as HCCQ, &¢1 As a result, the radicals

react with NO, and its concentration decreases. At a certain point, concentrations of carbon-containing
radicals decrease since all methane is oxidized, and NO removal becomes slow. However, in this
slow region, concentrations of N and NH are relatively high, and reactions (177) and (198) are
responsible for NO reduction. The decrease of NO concentration is slow since reaction (38) results
in an increase of the OH level that causes acceleration of NO formation via (179).
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Figure 8.2.10. NO sensitivity coefficients at,SR =0.99 in the fast NO decrease region. Graph shows
imporant reactions at early reaction times. Sensitivities for long reaction times (over lapping here)
are shown in Figure 8.2.11.
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Figure 8.2.11. NO sensitivity coefficients at,SR =0.99 in the slow NO decrease region.
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Sensitivity Analysis at $80.90. The kinetic curves for SR0.90 are presented in Figure 8.2.3. In

this case, the NO concentration decreases from 600 to 160 ppm, and then slowly to 67 ppm. At
t=0.5 s, the mixture contains 75 ppm HCN and 115 ppm. NMethane is even more rapidly
converted to CO and#1Again there are two steps of NO reduction: the fast short and slow long
regions.

Figures 8.2.12 and 8.2.13 show NO contribution coefficients for the fast and slow NO reduction
regions, respectively, at $80.90. The same as at$R.99, the most important step of NO reduction
in the fast region (Figure 8.2.12) is reaction (273). Reactions (248) and:

CHs + NO = HCN + HO (254)

are less important, and some NO is formed from HNO via (-211).

At longer reaction times (Figure 8.2.13), reaction (281) is of primary importance for NO reduction
NH2 + NO =N + HO (281)

followed by reactions (254) and (273). In this region, the NO is also formed from HNO (-211).
Sensitivity coefficients in the reburning zone abSR90 in the fast NO reduction regions shows
that chain branching reactions (38), (155), and (159) are primarily responsible for increasing the
radical pool and initially reducing NO, the same as fos=9F99.
In the slow region (Figure 8.2.14), there are many elementary processes which affect the NO
concentration. The main NO reducing reactions include interaction of NO withaNtHHCCO
radicals, via (281) and (273), and reaction (281) becomes increasingly important at longer times.
Reaction

NHo+ H=NH + H (201)
decreases the NHtoncentration and consequently contributes to increasing NO.
Contribution and sensitivity factors have also been calculated &t0S® for NH;, HCN, and

HNO. Contribution factors are dominated by transients occuring in about the first 10 ms. Reverse
reactions
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Figure 8.2.12. NO contribution factors at,SR = 0.90 in the fast NO decrease region.
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Figure 8.2.13. NO contribution factors at,SR = 0.90 in the slow NO decrease region.
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NHz + OH = NH + H0 (-277) and
NHz + H = NH + Hp (-276)

are important contributors to NHormation. HCN is mainly formed via (254) and

HCNO + H = OH + HCN (270)

HNO radicals are important intermediate species in the fast reaction region. They are rapidly
formed from NH

NH + H,O = HNO + H (196)

and decompose via reaction (211).

Sensitivity analysis for Nglat SR=0.90 show an initial fast transient where the same chain branching
steps (38, 155, 159) which influence NO also result in a higher®idl and a faster rate of NH
formation via reverse reactions (-276) and (-277). In the slow regiogiréfibval is enhanced by
reactions (159), (281), and

NHz + H=NH + H (201).

The HCN concentration is initially increased due to reactions (254) and (38), and then reduced
mainly due to reaction

HCN + OH = HOCN + H (233)

8.2.2 Injection of Ammonia into the Reburning Zone (AR-Rich)

When fuel is added into the reburning zone, the oxygen disappears very fast in the reaction with the
fuel to form CO and Bl If N-agents (ammonia, urea, etc.) are injected into the reburning zone,
they form NH radicals (NH, NH, N) which are active in NO removal reactions. The iidicals

can react either with £nto NO or with NO into N. The NO reduction process is effective if the

NH; precursors (N-agents) appear in the gas mixture when concentration of oxygen has been
significantly depleted by the reburning fuel, thus preventing oxidation of Nagents into NO. Calculated
characteristic times for Qlisappearance after reburn fuel injection are less than 0.01 s at 1700 K
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and about 0.1 s at 1450 K. The delay time between reburn fuel injection and the formatign of NH
species should be close to these times for effective NO reduction.

Results of calculations which demonstrate the effect of the delayed ammonia injection on NO
reduction by CHreburning are presented in Figure 8.2.15. The first graph shows concentrations of
NO, NHsz, HCN, and TFN after 0.5 s as a function 038 injection of 600 ppm NElwithout

delay, i.e. co-injection with the reburning fuel. At SR 0.90, ammonia co-injection causes a
decrease in TFEN from 1200 ppm (600 ppm NO and 600 ppg) t8k827 ppm. At SR=0.90, the
concentration of the reburning fuel is high, and its reaction with the oxygen forms a large radical
pool. The radicals initiate a rapid reaction betweers Birtl NO, and the TFN concentration is
depleted. This reaction requires a small amount of oxygen to support the radical pool, and this
amount is available in the mixture during the first rapid reaction stage. The concentration of ammonia
decreases slowly at SR 0.90 since most of the oxygen reacts with the high concentrationsof CH
Some CH (about 400 ppm) remains unreacted in the reburning zone. At 8R9, all NH and

CH, are instantly oxidized since the concentration pisdhe same, but the [GHevel is much

lower. In this oxidation process, ammonia forms some additional NO, and this NO cannot be
decreased in the reaction with ammonia since it is no longer present in the mixture. Therefore, TFN
=NO = 742 ppm, i.e. the NO concentration increases.

The picture is completely different if ammonia is injected with a 0.1 s delay time, as shown in the
second graph in Figure 8.2.15. In this case, at SB.90, ammonia is injected when the O
concentration is already very low (about 0.01 ppm). Concentration of NO is reduced in the first
rapid reburning stage within the delay time of 0.1 s and it decreases further utilizing some ammonia.
However, in 0.5 s the Ndtoncentration is still high, about 420 ppm, and it does not react rapidly
with NO since there is no oxygen to feed the radical pool. AESR99, NH is injected when the

Oz concentration is about 50 ppm (see Figure 8.2.1) and the OH concentration is still high. Therefore,
in the presence of this oxygen level, Nkhd NO are capable of reacting with each other, and TFN
concentration efficiently decreases. Thus, at the right conditions, delayed ammonia injection can
result in more effective NO removal. These conditions require the presence of both reagents and
some oxygen, and so is most effective under near-stoichiometric conditions.

Parametric Dependencieghe effect of the delayed ammonia injection depends on many factors,
including the value of SR the delay time, ammonia concentration, oxygen concentration, etc.
Figure 8.2.16 presents concentrations of fuel-N species in the reburning zone=a0.SR as a
function of ammonia injection delay time. If ammonia is injected along with the reburning fuel, it
rapidly disappears in the reaction with the high amount of oxygen and causes some NO formation.
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As previously discussed, the initial stage of reburning is fast and forms high concentrations of
radicals. Therefore, injection of ammonia with a short delay time results4rONkhteraction in

e radicals and small amounts of oxygen. This interaction efficiently reduces
concentrations of NO and TFN. If ammonia is injected with a longer delay timgafNHNO

radical (andApconcentrations, and so the efficiency of NO and TFN removal

the presence of th

interact with lower
is lower.

SR
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Figure 8.2.17 shows the dependence of NO and TFN on the quantitysohjdéted with a 0.1 s
delay time at SR= 0.99. As injected [Nk] increases, the resulting NO concentration decreases,
but the residual [NE] increases. The TEN concentration has a minimum which approximately
corresponds to equimolecular amounts of NO and iNkhe gas mixture (NSR = 1.0 - 1.3).
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Figure 8.2.17. Effect of the Ntoncentration injected into the reburning zone at$BR.99 and
0.1 s delay time. Other conditions are the same as in Figure 8.2.15.
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Although the concentrations in the reburn zone are presented here, post-burnout concentrations
remain consistent with this observation. Zamansky (1996b) includes further discussion and
comparison of the concentration histories for different ammonia injection scenarios.

Sensitivity Analysigrigure 8.2.18 shows kinetic curves of major components for injection of 800
ppm ammonia with the reburning fuel at:8B.99 and T=1700 K. The predictions are similar to

those for reburning without ammonia injection (Figure 8.2.1) except that NO concentration jumps
from 600 to about 900 ppm and then slowly decreases to 800 ppm. Thus, part of the ammonia is
converted to molecular nitrogen and another part to NO. Figure 8.2.19 presents NO contribution
factors for the first 10 ms at these conditions. Reaction (211) is primarily responsible for the NO
decrease, but the NO is formed via reaction (213) and to lesser extent via (214) and (188). Sensitivity
analysis shows that as for reburning without N-agent (Figure 8.2.11), reaction (38) accelerates NO
formation by increasing the radical pool. Reactions of iidicals with NO ((198), (281), and
(177)) decrease the NO level. The most notable difference from conventional reburning is the
increased importance of reaction 281, which involves,dbimpared to those involving NH and N.

Figure 8.2.20 shows the concentration curves for the same conditions as in Figure 8.2.18, but with
the 800 ppm NHlinjected with a 0.1 s delay after the reburning fuel. This delay dramatically
changed the NO concentration as well as concentrations of other species. NO was reduced to
slightly above 100 ppm and about 150 ppmsN#ipresent in the mixture at t=0.5 s. Significant
amounts of HNCO andfare present att=0.5 s. Figure 8.2.21 shows the main reactions contributing
to NO formation and reduction in the first 0.10 s under these conditions. Reactions (281) and (282)
represent one elementary step which was formally written as two reactions in the mechanism. The
code calculated the sum of these reactions which result in NO reduction. Another important NO
reducing step is the reaction

NH, + NO = NNH + OH (280)

NO formation is largely via reaction (-211). Figure 8.2.22 presents NO sensitivity coefficients
which also demonstrate the importance of the sum (281+282). Interestingly, this reaction reduces
NO at early reaction stages (t<0.03 s), then increases the NO concentration at about 0.04-0.16 s,
and finally reduces NO again. The reason for this “strange” behavior is that reaction (280) includes
the same reagents, Mldnd NO, and it is a single process which is mainly responsible for NO
reduction under these conditions. Indeed, though reaction (281+282) forms molecular nitrogen
from NO, it removes the Niradical from the reaction media thus decreasing the radical pool.
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Reaction (280) also removes NO and one Mddlical, but it forms NNH radical which is unstable
and decomposes with returning active species (H atoms) via reactions

NNH = N, + H (203)
NNH+M=N+H+M (204).

8.2.3 Promotion of the NO-NH Interaction in the Reburning Zone

Consideration of the kinetic curves of the reburning process (Figures 8.2.1 to 8.2.3) demonstrates
that after the initial fast reaction stage, concentrations of main components in the reburning zone
(CO, H and NO at SR= 0.99-0.95 and CO, £1CH,, HCN, NH;, NO at SR = 0.90) remain

almost constant, and, simultaneously, concentrations of radicals (OH and H) dexctéase. The

goal of modeling is to find conditions under which NO and TFN concentrations will further decrease
in the reburning zone. As previously discussed, delayed injection of ammonia can reduce NO and
TFN concentrations under certain conditions. The effectiveness of the N@xtékhction in the
reburning zone can be further improved in the presence of promoters. The influence of different
promoter species on NO/TFN removal is analyzed in the following. The initial analysis focuses on
the effect of boosting the concentration of specific species upon NO. In some cases (e.g. radicals)
direct injection of the species is not intended. Rather, the goal is to find target species whose increase
is beneficial; the next step is to find injectable species which will have the desired effect.

The analysis focuses on the later part of the reburning zone in which NO reduction is relatively
slow. Parameters affecting the NO/TFN level are varied to find optimum conditions of NO/TFN
removal. These parameters include the stoichiometric ratio in the reburning zojier¢B&RN

fuel injection temperature (J; concentrations of ammonia, oxygen, radicals, and other compounds
capable of promoting the NO-NHhteraction. Itis clear that the influence of ammonia is different

at various values of SRVariation of process parameters was performed for=8R99 and 0.90 at

a constant temperature gradient of 300 K/s. For all conditions, concentrations are shown at a
reaction time of 1 s, for injection with 0.1 s delay after reburn fuel injection. This injection point is
after the fast reaction stage, at which point all@ids consumed, and concentrations of C®, H

and NO stabilized on a certain level. The composition at=SR99 and at the N¢fpromoter
injection point (mixture 1) is:

500 ppm NO - 0.16% #+ 0.23% CO - 8% C®- 15% HO - balance N
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The effect of ammonia addition alone to mixture I is shown in Figure 8.2.23. WithgubjgEtion

(the upper graph), NO is slightly reduced at lower temperatures. Injections of 500 and 800 ppm
NHs3 cause an increase in TEN at lower temperatures and significant NO/TFN reduction at higher
temperatures.

Performance of candidate promoter species was modeled by co-injection with ammonia in different
amounts into mixture | at 1600 K. Figure 8.2.24 compares effect of different additiy€34CH,

0O, O,+0OH, and Q+H20,. Different promoters show different degrees of TFN removal, some with

a clear optimum.

Carbon-containing compounds can also provide radicals which promote the jli@térction in
the reburning zone. Effect of different potential promoters on concentrations of N@NNHFN
is shown in Figure 8.2.25. This graph compares the effect of 500 pprnjgEtion into mixture
| at 1600 K with co-injection of 100 ppm promoter: oxygen, methanol, methane, ethylene or ethane.
Of the hydrocarbons considered, only ethane results in much TFN reduction beyond the original
NO level. This screening of hydrocarbon promoters does not reveal a significant performance benefit.

Of the promoters considered in figures 8.2.24 and 8.2.25, the best performance is shown for O
injection. Oxygen participates in formation of different radicals via reactions with G@nd

NHs, shows better or about the same performance as the other additives tested. The next section
will discuss the effect of oxygen in some additional detail.

All promotive additives presented so far were co-injected with ammonia and appeared instantly in
the gas phase. However, under real conditions, the promoter species may be formed in the mixture
with a certain rate constant. As has been proven by Zamansky and Borisov, 1992, the rate of
promoter formation may be optimum, i.e. formation of promoters with a certain optimum rate
constant results in maximum promotion effect. It was assumed for modeling that a hypothetic
promoter X dissociates with formation of radicals or oxygen in the gas mixture. The following
reaction was added to the mechanism:

X+M=>OH+H+M or
X+M=>0+ M.

These equations simulate fast interaction of the hypothetic promoter X with water molecules or
other species in flue gas with formation of OH, H, and @he initial concentration of X was
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assumed to be 50 ppm in modeling. The rate constant for X decomposition was selected in the
Arrenius form

k = Aexp(-20,000/T) cr¥imols

where the predexponential factor A was varied in the range fréno M3, These values of the
rate constant provided formation of radicals ap@vith characteristic times between approximately
0.1 and 100 s.

Figure 8.2.26 compares the results of modeling NOg Bkl TFN concentrations at different
values of the factor A (i.e. depending on the rate of active species formation in the mixture) for
three different cases: formation of OH+H radicals, formation ofa@d formation of the OH/H
radicals with co-injection of Ngland 75 ppm @ In a wide range of the promoter decomposition
rate, NO and TFN concentrations are substantially lower than their values without promoter. In all
cases, an optimum rate constant exists which results in minimum TFN concentration. The optimum
factor A is in the range logA = 10.5-12.0. Oxygen formation and co-injection present the most
attractive cases because the TEN minimum is lower.
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8.2.4 Effect of Different Factors on the NO-NH Interaction in the Reburn Zone

Effect of OxygenPerformance of ammonia in the reburning zone greatly depends on the level of
oxygen. If the oxygen concentration is high, Nid partially converted to NO. If oxygen
concentration is low, active radicals are not formed in oxidation processes. Thus, a maximum
performance of NO/TFN removal should correspond to a certain optimwon©entration. When
sufficient G is available, CO andHeact with Q via chain branching reactions producing radicals,
which in turn participate in reactions with ammonia to fornpNdtlowed by the reaction of NH

and NO.

To determine the optimumJoncentration, calculations were performed with injection of 500

ppm NH; with various amounts of oxygen into mixture I, as shown in Figure 8.2.27. The optimum

O2 amounts, and the resulting TEN removal performance, increase as injection temperature decreases.
O2 promotion provides a means for promoting thesNNHD interaction at lower temperatures in the
reburning zone, where it would normally not be effective due to low oxygen and radical
concentrations.

At lower temperatures, there is a certain threshold level of oxygen below which NO does not react
with NHs. This threshold depends on temperature, G@fthicentrations, and initial NO and kIH
concentrations. At [g) above the optimum, the efficiency of NO removal decreases slowly. At
sufficiently high Q concentrations the NO level will actually increase.

Effect of CO and B NO reduction efficiency is controlled by active radicals formed in CO and H
interaction with oxygen. Therefore, concentrations of CO andrkl important factors affecting
NO-NHs interaction. The amounts of CO anglin the mixture depend on composition of the main

and reburning fuels and on the stoichiometric ratiog,&® SR. For the current modeling study,

with natural gas as both the primary and reburning fuel, the dependence is only WaraRons

in SR for 500 ppm NH injection into Mixture | at 1300-1500 K, accompanied by the optimum
level of G, show that there is an optimum SR the neighborhood of 0.99 to 1.0 (depending on
injection temperature) for TEN reduction. Both CO andjéherate radicals in the oxidation process
and help to reduce NO. The relative importance of each compound depends on conditions:
temperature and concentrations of main components. For example, CO is more efficiepirthan H
reducing NO concentration at 1500 K, but iths higher efficiency at 1300 K. Thus, modeling
predicts that at the low temperature end of the reburning zone, NO/TFN removal is more efficient at
lower temperatures with an optimum CQ/ivel in the mixture as well as oxygen.
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Effect of Initial NO Modeling suggests that injection of ammonia and oxygen into the reburning
zone is less efficient at lower initial NO concentrations. This has been confirmed by modeling with
200 ppm NO and 200 ppm NHn the reburning zone at SR 0.99 and 7 = 1300-1000 K.
Comparing performance with previous results at 500 ppm, a substantial decrease was noted in both
the NO removal efficiency (from 80% to 50%) and in the range of effectiv@@rentrations. It

was also found that a decrease in the injection temperature is capable of wideningithado@,

but the NO removal efficiency is about the same.

8.2.5 Injection of Ammonia into the Burnout Zone (AR-Lean)

Modeling suggests that injection of OFA at different values of SR;, and temperature results in

a final NO concentration which is near the TEN level in the mixture before OFA injection. Only at
relatively high values of SRabout 0.9) and at low OFA injection temperatures (about 1250 K), a
small decrease of final NO concentration was observed (about 15%) compared with the TFN
concentration upstream of OFA injection.

If ammonia is injected along with OFA in the reburning zone at $R.99, the NO reduction
process is not effective at injection temperatures above 1100 K. Figure 8.2.28 (Curve 1) demonstrates
the effect of OFA injection at different locations with co-injection of ammonia abN3F0 on the

final NO concentration. The initial NO concentration (100%, i.e. 350-500 ppm depending on the
residence time in the reburning zone) increases when OFA is injected at 1120 K or higher. At these
temperatures, some ammonia reacts with NO, but some is converted to NO, resulting in a final NO
concentration (N€ higher than the initial NO concentration at the point of OFA injection. The
concentration of NEldecreases to less than 1 ppm after the OFA/Njdction. In the temperature

range of 950-1050 K, the NO concentration is decreased, but this range is too low for OFA injection
since all CO from the reburning zone remains unreacted.

Curve 1 represents the conditions of NO removal via the Thermal DeNOx process in the presence
of high concentrations of CO and.Ht is well known (for instance, Lyon and Hard986) that the
presence of CO and/orB3hifts the temperature window of NO removal by the SNCR process to
lower temperatures. In order to avoid that shift, ammonia can be injected into flue gas with a short
delay after injection of the OFA or in the aqueous form to allow some time for evaporation of the
water. In this case, the OFA rapidly reacts with CO apGhld the NH appears in the gas mixture

when all CO and blare already oxidized. Modeling shows that a delay time of about 0.1 s is
enough for complete CO ana femoval. The results of calculations are shown in Figure 8.2.28,
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Figure 8.2.28. Effect OFA co-injection with Nidn the final NO concentration. NSR = 1.0.

Curve 2 which represents the effect of NHjection temperature (NHis injected with a 0.1 s

delay time after the OFA) on NO concentrations. Under these conditions, the ammonia reacts with
NO in the presence of oxygen and in the absence of CO grahéithe optimum temperature for

NHj3 injection is about 1200 K, which is typical for the Thermal DeNOXx process.

If the reburning fuel is injected with SR 0.90 at T = 1700 K, modeling shows that the concentration

of ammonia in the reburning zone is higher than the NO concentration. For exampke,1&0D

K, concentrations of fuel-N species are: 71 ppm HCN, 50 ppm NO, and 113 ppnirjgdtion of

OFA converts all fuel-N species to NO. Therefore, co-injection of gaseous ammonia with OFA
does not make sense for these conditions either. Variation of tt@n@entration in OFA does not
change the final NO level.

8.2.6 Modeling with Instantaneous Mixing Times: Summary
The performance of individual AR processes has been considered using a time-dependent chemistry

calculation, putting aside the influence of finite-rate mixing effects. Some of the most important
points are summarized here.
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Reburning zone chemistry has been examined over the range of stoichiometric ratios from 0.90 to
0.99. It has been shown that there is a short, fast initial reduction in NO followed by slower reduction
over the remainder of the reburning zone. This effect is linked to the disappearance of oxygen and
radicals, and highlights an opportunity for introduction of species which can reestablish optimum
concentrations for NO removal.

Injection of N-agents is effective at reducing NO when temperatures and concentrations of oxygen
and other radicals are conducive. Conditions are more favorable at reburn SRs close to stoichiometric.
Mixing of the N-agent with flue gas must occur in a window downstream of reburn fuel injection to
encounter the correct environment for effective NO reduction. This delay may be achieved by
locating injectors downstream of fuel injectors, or by use of aqueous N-agent solutions with associated
evaporation delays.

Introduction of promoter species along with the N-agent may enhance its performance by making
the reactant mixture more favorable to NO reduction by Bitl associated species. Injection of
ammonia with small amounts of oxygen upstream of the OFA improves NO reduction. The efficiency
of NO removal depends mainly on S&hd concentrations of oxygen, CQ/ldnd NO. The optimal
oxygen concentration depends on the injection temperature. The efficiency is lower at lower NO
initial concentrations. Radical species also exhibit a promotion effect, calling for the injection of
species which provide them in the proper amounts and at the proper rates.

Injection of OFA into the fuel-rich reburning zone converts all fuel-nitrogen species into NO as
long as the temperature of OFA injection is adequately high.

Co-injection of ammonia with the OFA significantly shifts the temperature window of the Thermal
DeNOx process to lower temperatures because of the COqmelddnt. To avoid this shift, ammonia
should be injected after a short delay time relatively to the OFA location. This delay can be provided
by evaporation of aqueous ammonia or urea co-injected with OFA.
8.3 Evaluation of Mixing Effects
8.3.1 Approach
The modeling discussed above treated the AR process as a one-dimensional plug flow reactor with

instantanous mixing at each injection point. This approach simplifies the analysis by focusing on
chemistry, but puts aside the effect of finite rate mixing. The results demonstrated qualitative trends
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but did not quantitatively reproduce experimental data. Indeed, quantitative predictions are
challenging even in the most sophisticated (and computationally demanding) three dimensional
model coupling chemistry and fluid dynamic effects, as ongoing research continues to develop
understanding of chemical reaction mechanisms and turbulent mixing. However, the basic one
dimensional model which has already proven useful may be incrementally improved by incorporating
a simplified treatment of finite-rate mixing of an injected stream into the main flow.

The tool chosen for this study is a one dimensional chemical kinetics code developed at EER. This
program is known as “ODF,” for “One Dimensional Flame,” although the code is applicable to any
gas phase system. ODF contains the same basic capabilities as Chemkin, including the evaluation
of pressure-dependent and reversible Arrhenius rate expressions, and the specification of time-
dependent profiles of temperature and pressure. Most importantly for the current study, the solution
algorithm has been formulated to allow for the introduction of an arbitrary profile of mass injection
along the length of the reactor.

ODF has been applied to basic and advanced reburning scenarios. The reburning system is treated
as a plug flow reactor, beginning with the introduction of reburning fuel into primary combustion
products at 1700 K. The reacting flow is cooled at a uniform rate of -300 K/s. Overfire air and (for
AR) gaseous ammonia are introduced at different locations along this temperature ramp, and the
reactions continue until the system reaches a temperature of about 600 K, at which point the reaction
rates may be considered negligible.

The primary mixture is at a stoichiometric ratio of about 1.1, with initial (wet) concentrations of
600 ppm NO, 1.74% £ 8% CQ, 15% R0, after mixing with methane which is the reburn fuel.

The two reburning stoichiometries are nominally 0.90 (1.94%) Gihd 0.99 (0.967% CHl The

OFA is added for a final stoichiometry of 1.15. Unless otherwise noted, OFA injection is at 1300 K,
based on previous modeling suggesting that this is a good temperature for effective NO reduction
as well as burnout of other fixed nitrogen species and incomplete combustion products. Some cases
were also run with OFA introduced at 1200 K or 1400 K for comparison.

In each AR case presented here, the ammonia addition was adjusted to NSR=1.0, matching the
concentration of added NHo the concentration of NO at the start of N-agent injection. Because
NO varied with injection location, the quantity of added ammonia varied. Additional calculations
with a uniform quantities of ammonia, with NSRs greater than equal to 1.0, is discussed in Zamansky
et al. (1997a and 1997b).

8-53



To evaluate the effect of mixing time, three mixing scenarios were applied to each basic or advanced
reburning condition modeled: instantaneous mixing, 30 ms mixing, and 300 ms mixing. The same
mixing time was applied to all external streams (reburn fuel, N-agent, and OFA), and mixing over
30 or 300 ms was applied at a uniform rate of mass addition. The instantaneous mixing case is the
limiting case corresponding to the approach in earlier Chemkin modeling. 30 ms mixing may be
considered fast, corresponding to bench and small pilot scale systems such as EER’s combustion
facilities CTT and BSF. 300 ms mixing is more typical of large pilot-scale systems such as EER’s
Tower Furnace (10 MMBTU/hr) and full-scale industrial combustion systems.

8.3.2 Effect of Mixing Times on Basic Reburning

The kinetic behavior of the model during and after reburning fuel addition was examined closely to
determine the effects of finite mixing time on kinetic behavior in the reburning zone. Figures 8.3.1
through 8.3.4 show the concentrations of important species as a function of time from the start of
the reburning fuel injection, for nominal reburning stoichiometries of 0.99 and 0.90, and for the
finite rate mixing scenarios (30 ms, and 300 ms mixing). In addition to the individual species
concentrations, there is also a curve for TFEN (total fixed nitrogen), which in these four figures
includes not only NO, Nk and HCN, but all sources of N-atom except N

The case with instantaneous mixing was also run, and results correspond to those already presented
in Figures 8.2.1 (for S&0.99) and 8.2.3 (for SR0.90). Comparison with the figures generated

by Chemkin shows that the same trends are predicted. This serves to validate the ODF model setup
against the equivalent modeling previously done in Chemkin. However, note that Figures 8.2.1 and
8.2.3 cover a different range of time and concentration than the other plots presented here.

As mixing time is increased to 30 ms (Figure 8.3.1) and to 300 ms (Figure 8.3.2) for a nominal
reburn stoichiometry of 0.99, the behavior in the mixing zone is modified by the slower rate of fuel
addition and the accompanying slower rate of stoichiometry change. At 30 ms, distributed mixing
of the reburn fuel results in a spike in £tbncentration along with other species, which persists on
about the same time scale as the mass addition interval. Also present but less obvious are increases
in the concentrations of other species includiag@, and H for a couple of hundred milliseconds
following the end of reburn fuel injection. These species are then more available for the reactions
involved in reburning and so NO reduction is more effective as mixing time is increased. In Figure
8.3.2, the 0.3 injection interval is now more obvious and reflects a more dramatic impact on all
species concentrations. Several species, includinddiON and NH persist in higher quantities
throughout the reburning zone. The net effect is a decrease in NO.
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Figure 8.3.1. Kinetic curves of important species in the reburning zonea @R9 and with
mixing of the reburning fuel over an interval of 30 ms.

The same trends are found for a nominal reburn stoichiometry of 0.90 as mixing is varied from
instantaneous (Figure 8.2.3) to 30 ms (Figure 8.3.3) to 300 ms (Figure 8.3.4). The impact on the
kinetic curve for NO is similar but more obvious than ap=8R99 since the magnitude of NO
reduction due to reburn fuel addition alone is more pronounced at the more fuel rich condition.
Even at 30 ms mixing time,{persists for a longer time. It is interesting to note that most of the
decrease in NO is on roughly the same time scale as the decrease all ©ases. The result is a
clear improvement in NO reduction as mixing time is increased.

8.3.3 Effect of Mixing Times on AR-Rich

The AR-Rich cases were run with either co-injection of ammonia with reburn fuel (“no delay”) or
with the start of ammonia injection delayed by a specified time after the beginning of reburn fuel
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Figure 8.3.2. Kinetic curves of important species in the reburning zonea @R9 and with
mixing of the reburning fuel over an interval of 300 ms.

injection. Since the same mixing time is used for every stream in this simulation, some cases with
short delay times (e.g. 0.1 s) and long mixing times (e.g. 0.3 s) included an overlap between the end
of reburn fuel mixing and the beginning of ammonia mixing.

In all of the basic reburning and AR-Rich cases presented here, OFA was injected at 1300 K.
However, some cases were run at 1200 K and 1400 K which verified earlier modeling conclusions
that 1300 K gives better overall results in terms of NO reduction and destruction of other nitrogen
containing species.

Figure 8.3.5 shows the NO reduction for basic reburning and AR-Rich at a nominal reburning zone
stoichiometry of 0.99. Co-injecting ammonia with the reburn fuel increases the final NO compared
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Figure 8.3.3. Kinetic curves of important species in the reburning zoneat @R9 and with
mixing of the reburning fuel over an interval of 30 ms.

to basic reburning, but a delay of 0.1 s causes the final NO to decrease substantially. An additional
condition with a longer delay time (0.833 s) returns to the higher final NO concentrations. These
results show that there is clearly an optimum delay time for ammonia injection, in the neighborhood
of 0.1 s. This optimum delay time effect is shown in Figure 8.2.16; note that the results there are
before burnout, for which TEN is the best indicator of postburnout NO. At 0.1 s delay time, shorter
mixing times actually yield slightly better results than longer mixing times, but the difference is
small. These results also make it clear that there is a distinction between delay of the start of injection
and the duration of mixing, underscoring the importance of both parameters in this system.
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Figure 8.3.4. Kinetic curves of important species in the reburning zone at GB9
and with mixing of the reburning fuel over an interval of 300 ms.

8.3.4 Effect of Mixing Times on AR-Lean

Further modeling addressed the injection of ammonia into the burnout zone (AR-Lean), either
coinjected with the OFA or introduced with a short delay time (0.1 s). All cases were run for a

nominal reburning zone stoichiometry of 0.99 only as this is the condition of greatest interest for
AR. The location of OFA addition was varied between 1200, 1300, and 1400 K. The same three
mixing scenarios (instantaneous, 30 ms, and 300 ms) were applied to each condition.

Figure 8.3.6 shows the NO reduction as a function of mixing time for OFA injection at 1300 and
1400 K when ammoni